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Otitis Media with Effusion (OME) is a common ear disease once the accumu-
lation of fluid occurs in the middle ear. When medication as the first treatment
fails, a grommet is commonly surgically inserted on the tympanic membrane
(TM) of the patients to discharge the fluid. This surgery can be completed in
about 15 minutes by an experienced surgeon in the operating theater. However,
it has several limitations due to the extensive set up and resources required. To
overcome the limitations of the conventional surgical treatment and the curren-
t art, the work on a precision surgical device for OME was initiated with the
following accomplishments.
First, a novel “all-in-one” device allowing office-based myringotomy with
grommet insertion in an awake patient with OME was proposed, designed, fabri-
cated and tested. A highly integrated structure encompassing key components of
a mechanical system, a sensing system and a motion control system was utilized.
All of these systems were synergized to enable the insertion to be completed in a
short time (within 1 to 5s) automatically, precisely, effectively and safely as well
as avoiding general anesthesia (GA), costly expertise and equipment, and treat-
ment delays. The experimental results obtained with the device working on a
mock membrane with characteristics representative of TM and the pig eardrums
were duly furnished in this thesis, showing a high success grommet application
rate over 90%.
Then, a precision motion controller was designed for the piezoelectric ultra-
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sonic motor (USM) stage in order to facilitate the motion sequences necessary
for the procedures. In fact, the core engine of the device is in the USM motion
controller to achieve the high precision, fast response and repeatability neces-
sary to allow these medical procedures to be efficiently and successfully done
with minimum trauma to the patients. This study focuses on the control design
for the USM stage to meet the unique set of specifications to apply the surgical
device optimally on patients with OME. A model of the USM stage was built
and identified, comprising of a linear term and a nonlinear dynamical term. The
parameters of both terms were estimated using a sequential identification algo-
rithm. A Proportional Integral Derivative (PID) feedback controller was applied
as the main tracking controller with the PID parameters derived optimally using
an LQR-assisted tuning approach. A sign function compensator acts to remove
nonlinear dynamics due mainly to friction and a sliding mode control action fur-
ther rejects remnant uncertainty from unmodelled dynamics and disturbances
were designed. These three control components form the composite controller
for the USM stage. The experimental results show that the constituent control
components fulfill their respective control functions well, and the composite con-
troller is effective towards delivering the level of control performance to meet the
objectives for the OME ear procedures.
Next, due to the office-based design of the surgical device, it is not possible
to subject the patient to general anesthesia, i.e., the patient is awake during the
surgical treatment with the device. To ensure a high success rate and safety, it is
very important that the relative motion and the contact force between the tool
set of the device and the tympanic membrane can be stabilized. To this end,
a control scheme using force feedback with vision-based motion compensation
VIII
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was proposed, implemented and tested in a mock-up system. The experimental
results show that proposed control scheme is efficient for the stabilization objec-
tive, and the proposed controller achieves much better performance than a pure
force feedback controller which helps the system to stabilize the relative motion
indirectly and maintain the contact force precisely.
Finally, a novel Spherical Air Bearing Positioning System (SABS) aiming at
providing highly precise rotational motions for head stabilization in two degree-
of-freedom (DOF) was developed. The SABSmainly consists of direct-drive voice
coil actuators and pneumatic bearing. In this study, the mechanical components
and the control system of the SABS were presented, the model of the SABS was
identified based on adaptive control concepts. To eliminate the measurement
noise, a noise filter was designed on the basis of the model. Following that, an
observer-based PID controller was designed and implemented. The experimental
results show that the designed controller achieves higher precision and better
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Otitis Media with Effusion (OME) is an ear disease once the accumulation
of fluid occurs in the middle ear. After the medication for OME fails, a surgery
is required to carry out as a treatment for OME in the operating theater, but it
has several limitations due to the required medical conditions and procedures.
One of the most effective solutions to overcome the limitations of the current art
is to develop the precision surgical device for OME. In the following sections of
this chapter, the detailed background is provided at first, followed by a literature
review and a presentation of the objective of this thesis. Finally, the organization
of this thesis is presented.
1.1 Otitis Media with Effusion
Generally, the human ear which anatomy is shown in Fig. 1.1 consists of
three parts: the outer ear, the middle ear and the inner ear [1]. The tympanic
membrane (TM, also known as “eardrum”) separates the outer ear and the
middle ear. In the middle ear, there are three tiny bones used to transmit sound
vibrations, and one of them named “malleus” attaches to the TM. Moreover,
a small duct called “Eustachian tube” links the middle ear to the back of the
throat (nasopharynx). Normally, this tube’s functions are equalizing pressure
1
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between the middle ear and the atmosphere as well as draining mucus from the
middle ear. Once the Eustachian tube becomes dysfunctional, which will lead
to fluid accumulating in the middle ear space (behind TM), the OME arises [2].
OME is a very common ear disease affecting people of all ages worldwide, though
more commonly encountered in children. In chronic OME, the ear gets infected
and conductive hearing loss may manifest because the vibration of the TM and
the middle ear bones are affected by the accumulation of fluid in the middle
ear. OME also causes body imbalance, discomfort and reduces one’s quality of
life [3]. In more serious cases, OME may even result in irreversible damage to
the middle ear structure, further complicating the treatment regimen. Other
long term negative impacts include speech, language, academic and behavioral
problems.
Figure 1.1: Ear anatomy[1]
When medication as a treatment for OME fails, a surgery on the TM is
required. A ventilation tube (also called “grommet” or “tympanostomy tube”)
is surgically inserted onto the TM so that the accumulated fluid can be drained
out, as shown in Fig.1.2 [4],[5].
During this surgery, the patient is usually put under general anesthesia (GA)
2
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Figure 1.2: Myringotomy with grommet insertion[5]
in an operating theater so that the patient can be kept completely still. Specif-
ically, this surgery can be performed under local anesthesia (LA) in adults but
it is still necessary to keep the children under GA. Moreover, some adults still
choose to undergo GA if they are worried about the pain or are not able to
fully cooperate during the grommet insertion under LA. Thus, the GA is needed
in most grommet insertion surgery. After the GA, the patient’s head is posi-
tioned in the line of view with the surgical microscope so that the ear canal
can be cleaned with fine ear pick, curette or suction. Then the surgeon carries
out myringotomy, i.e., makes an incision onto the TM by using a surgical knife
under microscope. Finally, a grommet is carefully inserted through the incision
created on the TM by using micro-forceps and a fine Rosen needle. During the
insertion, the inner flange of the grommet is gently inserted into the slit so that
both outer and inner flanges can hold onto the TM in place.
Actually, it is a minor surgery that can be completed in about 15 min-
utes by an experienced surgeon, yet it is complex in terms of setup and other
requirements (include costly operating theater time, equipment such as surgi-
cal medical-grade microscope and theater set up with anesthetists, surgical as-
sistants and nurses). The conventional and still predominant method for this
surgery has several limitations [6], [7], [8]: (i) need for GA with associated risks
3
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(some adults only require local anesthesia if they could tolerate the discomfort);
(ii) highly dependent on surgeon’s skills; (iii) expensive cost (each surgery costs
about USD 2,000 [9]); (iv) reduced access for patients in some areas with poor
medical infrastructures; and (v) delay in treatment due to the waiting time for
operating theater and preparation for the surgery.
In recent years, auto or semi-auto surgical devices are increasingly designed
and developed to assist the surgeons and improve the operative success rate
along with the advance of mechatronics and robotics. They offer advantages
of high precision, high speed, repeatability, stability and convenience in medi-
cal application. For example, in [10]-[12], a high precision computer-controlled
micromanipulation system is developed for Intra-Cytoplasmic Sperm Injection
(ICSI) which is a human-assisted method for animal or human reproduction.
The precision system helps to enhance the oocyte survival rate in ICSI while
using mice eggs and shorten the process time. Furthermore, the injection pro-
cess can be repeated precisely and consistently with the high precision actuator’s
help.
Furthermore, more and more auto or semi-auto surgical devices are designed
to be used in the doctor’s/surgeon’s office rather than the operating theater.
These devices are called “office-based surgical devices” which shift the conven-
tional surgical procedures from the operating theater to the confines of the office
as well as provide the surgical treatments to the patients automatically or semi-
automatically. The office-based surgical devices have the following advantages:
(i) removing the need for the extensive and expensive resources of operating room
settings includes specialized equipments and the surgical team; (ii) simplifying
the surgical procedures and thus avoid the high dependence on the surgeon’s
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skills; and (iii) improving the precision, speed, performance and success rate
for the surgery. Therefore, the office-based surgical devices can greatly reduce
the cost, the waiting time and the operating time and thus it also increase the
access to medical treatment for the patients in some areas with poor medical
infrastructures. Therefore, to overcome the limitations of the current surgical
treatment for OME, the office-based precision surgical device would be a good
solution.
1.2 Existing Solutions
Over the last dozen years, a number of instruments and devices which can
assist the surgeon to carry out myringotomy or/and grommet insertion have
been available. In the following sections, several existing solutions assisting the
surgical treatment of OME are presented and reviewed.
1.2.1 Laser-assisted Myringotomy Approach
From 1999, several studies have been reported on the laser-assisted myringo-
tomy approach used to incise the tympanic membrane under local or topical
anesthesia [6], [13] and [14].
The procedure of the laser-assisted myringotomy is quite simple. During the
myringotomy assisted by laser, a circular hole is vaporized on the TM by a CO2
laser beam guided by a built-in endoscope. The created hole on the TM allows
drainage of the fluid in the middle ear. It is one of the office-based solutions to
carry out the myringotomy. Significantly, the risks associated with general anes-
thesia (GA) are avoided since it provides a novel myringotomy method without
the need for GA.
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However, in order to maintain the perforation which otherwise will close in a
couple of weeks, the conventional method of manual insertion of grommet is still
needed. The circular shape of the hole also predisposes the grommet to earlier
extrusion compared to the conventional incision pattern on the TM. In addition,
the long-term safety issue of laser on the inner ear structures and functions
has not been fully elucidated. The needs for very expensive laser sources and
the strict credential of skilled surgeon that is needed for such a laser procedure
further result in relatively poor uptake and reduced cost-effectiveness of using a
CO2 laser just in myringotomy.
In [15], another office-based CO2 laser-assisted TM fenestration method was
presented, which has the same limitations as motioned above.
1.2.2 Approaches for Myringotomy with Grommet Insertion
Although the laser-assisted myringotomy approach provides a simple and
efficient way to assist the surgeon on myringotomy, the conventional method of
manual grommet insertion is still needed. To overcome this major disadvantage,
other office-based approaches have been developed on assisting the surgeon to
carry out the surgery but without the conventional method of grommet insertion
[7], [16]-[8].
In [18], Myringo Ltd. introduced an innovative surgical device for OME.
It combines myringotomy, fluid suction and grommet insertion into one single
device. In this device, the grommet is mounted at the front end of a hollow
tool and a retractable cutter can be extended and retracted via the grommet
inner core and the hollow tool. Using this device in the surgery, the cutter
retracts after the myringotomy procedure is completed. Then the grommet is
6
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inserted by using the hollow tool. Significantly, this device eliminates the need for
changing different surgical tools during the operation so that the procedure is not
interrupted unduly and the required time can be much reduced. Moreover, this
device is able to perform the surgery under local or topical anesthesia, potentially
turning the costly surgery into a fast and simple procedure. However, this device
is mostly operated by hand with special skills required of the surgeon as it is
not automated. Furthermore, the expensive clinical grade microscope is also
required which makes the usage of this device still expensive.
In [19], an innovative “all-in-one” device with an embedded endoscope was
developed by Kaplan, et al. The embedded endoscope is placed side by side
with the cutter. During the surgery, the endoscope and the cutter is put inside
the ear canal together. The endoscope provides the images inside the ear canal
so as to guide the surgeon to find the desired insertion position. However, the
selection of the insertion position is limited due to the size and the design of the
tool set. It is also questionable if this device is applicable for children since their
ear canals are too small for the endoscope.
In [8], another recent office-based surgical instrument called “Tympanotomy
Tube Delivery System (TTDS)” is presented by Liu, et al. Using this system,
the TM is punctured and the grommet is applied onto the TM sequentially and
automatically by a mechanism incorporating a special retractable cutter in a
very short time. Nevertheless, there was no sensing and vision system in this
system. Moreover, specialized flexible grommet made of silicon is needed for this
system that may not be effective to reduce the surgical cost. In 2012, Zeiders, et
al. reported in [20] that the clinical trials under local anesthesia using this TTDS
system have been carried out involving 43 ears among 28 subjects (ages from
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1 to 95 years old, most of them are 18 or under). A successful rate of 88% for
grommet insertion was reported. There were 5 ears (12%) where the grommets
were failed to be inserted by the device and they had to be inserted manually by
the surgeon. In these failure cases, the device made the myringotomy successfully
but failed to place the grommet, where the grommet was either under insertion
or still retained on the device. The most likely cause of these failures was a lack
of proper device apposition with the TM [20], i.e., the good skill in manipulating
this device is required. In general, since the whole procedure by using TTDS is
done in one go mechanically and thus no extra movements can be carried out once
the grommet insertion fails, so it can not address the question of grommet re-
insertion after the first insertion fails. Furthermore, A costly microscope placed
outside the ear was required but an obstructed view might result when using
the proposed system. Hence, the need of experienced surgeon, the specialized
grommet and the obstruction would limit the usage of this system.
In sum, those integral surgical instruments for office-based myringotomy and
grommet insertion allow the surgery to be carried out without GA so that the
risks associated with GA are avoided. Furthermore, they avoid the conventional
method for grommet insertion that simplifies the surgery and reduces the work-
load for the surgeon. However, the lack of sensing, vision and motion control
systems in those instruments still leads to essential requirement of experienced
surgeon, low precision and high cost.
1.3 Objectives
The laser-assisted myringotomy instruments and the mechanical approaches
for myringotomy and grommet insertion reviewed in the previous section help
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to simplify surgery, and reduce workload and risk. However, these solutions still
have several disadvantages and limitations. The research gaps for the current
study of the surgical device for OME are summarized below:
• No sensing, vision and motion control systems are developed and incorpo-
rated to the current surgical instruments/devices that make these instru-
ments/devices with low precision and less intelligent.
• Some manual operations are still necessary, requiring surgeon with special
skills, which still incurs relatively high cost in the surgery.
• Most office-based surgical instruments/devices for OME are designed to be
hand-held, but there are few studies on the stabilization system for such
kind of instruments/devices.
The main objectives of this study are to revisit the current approaches, and
to develop a novel “all-in-one” precision surgical device which allows the office-
based surgical treatment for OME to be accomplished in an patient under local
anesthesia (LA). Significantly, the precision surgical device is to overcome the
aforementioned disadvantages of the current art and to simplify the extensive
setup, and the device mainly consists of a mechanical system, a sensing system
and a motion control system. The specific objectives of this thesis are to:
• Develop the mechatronic system of a surgical device to carry out both
incision and insertion of the grommet in a single procedure automatical-
ly, quickly and avoiding the need of GA, costly expertise and equipment,
treatment delays.
• Design the precision motion control system for the device in order to
9
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achieve high precision, high speed and high performance for the proce-
dures.
• Propose and design the stabilization system for the device in order to
enhance repeatability and success rate.
The present study may provide a better solution for the surgical treatment
of OME without the need of skilled surgeon and complex setup. The precision
motion control system should be able to achieve precise and fast motions for
the device and thus helps the device to obtain a high success rate for grommet
insertion, while the stabilization system should be helpful to improve the system
performance.
It is known that the ears are different from patient to patient. Specifically,
the ear canals may not be straight and they are sometimes tortuous. The focus
of the study is developing the device for the surgery on the patient with OME
whose ears are with normal structures. The surgery on the ears with abnormal
structures which ear canals are tortuous or extremely narrow is not central to
this study. In addition, the clinical trials on human are ongoing work. In the
thesis, the results from experiments on mock-up ear models and pig eardrums
that have similar characteristics to human TMs are presented instead.
1.4 Organization of the Thesis
In this thesis, the following chapters are organized as follows. The mecha-
tronic system of the proposed precision surgical device are presented in Chapter
2. In Chapter 3, the design details of the precision motion control system for
the device is presented. Following that, two different stabilization systems for
10
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the device to enhance repeatability and success rate are proposed and presented
in Chapter 4 and Chapter 5. Finally, conclusions are drawn in Chapter 6.
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Chapter 2
Mechatronic Design of an Office-based
Surgical Device for Myringotomy with
Grommet Insertion
To overcome the limitations of the current existing devices for myringotomy
and grommet insertion, a novel surgical device is developed in this chapter to
carry out the surgery of myringotomy with grommet insertion in office automat-
ically and quickly.
2.1 Background and Challenges
In this section, the existing problems and challenges of such a design are
delineated. Generally, there are four key challenges to the development of the
“all-in-one” autonomous device for office-based myringotomy with grommet in-
sertion, and these challenges shape the selection and design of the constituent
components of the overall device, which will be elaborated in this chapter.
2.1.1 Space and Accessibility
The subject of interest to the design of the device is the tympanic membrane
(TM) with a Young’s Modulus ranging from 20 to 40MPa, a mean diameter of
about 8 to 10mm and a non-uniform spatial thickness distribution in the range
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of 30 to 120µm [21], [22]. It is a delicate elastic membrane with a convex surface
contour and it varies from one person to the next in these characteristics.
To reach the TM, the device will have to traverse the ear canal which is
approximately 25 to 35mm in length measuring from the ear hole (external
auditory meatus) to the TM, with a slight bend along the path. The ear canal’s
diameter of an adult is about 5 to 10mm (slightly smaller than the diameter
of the TM). Furthermore, there are ear bones located at the upper portion of
the middle ear space behind the membrane for transmitting the sound vibration
from the TM. In particular, the malleus bone attaches to the inner surface of
the TM at the upper part of the TM. This part of the membrane is thus out-of-
bound to myringotomy so as not to hit and interfere with the vibration of this
bone, leaving an even smaller area at the lower quadrant of the membrane which
the device can work on.
There are various types of grommets and one of the commonly used grommets
is the Shah type grommet as shown in Fig. 2.1. It is made of fluoroplastic (which
is proven biocompatibility) with non-stick surfaces may be able to reduce or
preclude clogging or adhesions to the grommet. It is in white color to assist
its identification. Moreover, it has a length of about 1.6mm. The shaft, outer
flange and inner diameter of 1.2mm, 1.6mm and 0.76mm respectively. There is
a “tail” with a length of 0.7mm at one end of the grommet (inner flange) to
Figure 2.1: Shah type grommet
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assist the insertion process as well as to help the grommet to be kept on the TM
longer time than those grommet without “tail”. Therefore, an incision of 1.3
to 1.5mm is required to be made in a small area of approximately 6.5 to 8mm2
during myringotomy, and the grommet insertion is to be accomplished within
this small area after clearing the tightly constricted ear canal.
In order to carry out the full procedure of myringotomy and grommet in-
sertion at once, the required tools, including the surgical knife, grommet and
a forceps-like tool to manipulate the grommet, are required to be collectively
encased and brought towards the TM through the canal. Above all, proper syn-
chronization of the tools and operational steps is required to successfully and
safely execute the process with adequate sensing mechanisms. This is the main
challenge behind the design of the device.
2.1.2 Operation Time
Throughout the procedure, the patient is proposed to be under local anes-
thesia (LA) instead of general anesthesia (GA). The delicate operation has to be
accomplished as instantaneously as possible to minimize the trauma on patient
and to avoid agitating the patient, causing undue movements which will affect
the outcome. Negatively, it should be further noted that many of these patients
will be children, and thus an even more difficult task on hand to ensure that
they are kept still. Sometimes, the time for cleaning the ear canal and setting
up the device can be time consuming compered to myringotomy and grommet
insertion during the surgery. However, there do not require the patients to be
totally still so they are not time critical. Thus, the surgical time to complete
the myringotomy and grommet insertion is important, which should be much
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shorter than conventional treatment, and short enough to overcome or alleviate
the effects of undue movements of the patient.
2.1.3 Precision and Repeatability
Only a quarter of the TM is the ideal site for the operation as highlighted
above. A small incision of the correct size to weave in the grommet has to
be done accurately in this small area. A deformation during incision can lead
to discomfort. The incision should not deform the TM unduly, damage it or
cause much discomfort to the patient. Thus, the deformation on the TM during
incision should be as small as possible with the control scheme. Following the
precise incision, the tiny grommet has still to be manipulated to fit into the slit
precisely, quickly and again without undue deformation and tearing of the TM.
The manipulation of the small parts over a small area and that being further
confined by the ear canal collectively require the device and the control actions
to be highly precise and repeatable. This is another major challenge.
2.1.4 Diversity
As mentioned before, no two TMs are identical. They differ in dimensions,
anatomical orientation, flatness as well as mechanical characteristics like Young’s
modulus, and the suitable area for incision also varies from one to another.
Except the TM, the ear canal is also varying from patient to patient, it may not
be a straight one, which is resulting in more constriction. For instance, in certain
patients such as children with Down syndrome or cleft palate abnormalities, the
ear canals are sometimes narrower and/or tortuous than other patients without
congenital conditions. On the other hand, some patients with congenital or
acquired ear disorders such as granulation tissues or lump on the skin of ear
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canal have relatively narrower canal and overall diameter. Exactly repeating a
successful operation on the next TM may not work. A fair amount of feedback
and intelligent adaptation is needed.
To address all these challenges, the surgical device is designed with respect
to the requirements. In the rest of this chapter, the mechanical structure and
design of the device are described in detail in Section 2.2. In Section 2.3, the
sensing system is introduced, and in Section 2.4, the motion sequences and the
working process to complete the procedure are presented. In Section 2.5, the
complete prototype is shown and the experimental results are presented when
the device is applied on mock membranes, ear model and pig eardrums. Finally,
conclusions of this chapter are drawn in Section 2.6.
2.2 Mechanical System
In this section, the mechanical structure (main body) of the designed device
is introduced first, followed by a detailed presentation of the mechanical design
driven by the objectives and the constraints.
2.2.1 Mechanical Structure
The mechanical structure of the myringotomy and grommet insertion device
for OME is shown in Fig. 2.2. It mainly consists of the following components:
(i) A 2-DOF (degree-of-freedom) X-Z ultrasonic piezoelectric motor (USM)
stage for driving the tool set to complete the myringotomy and the grommet
insertion operations.
The USM is a kind of piezoelectric actuator/motor (PA/PM) which is gener-
ally designed and implemented based on the piezoelectric effect [23]. The USM
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offers advantages of fine accuracy, fast response and displacement resolution of
the medical device far beyond that is possible manually, which can ensure the
precision and repeatability for the surgical procedure. Moreover, the USM can
offer a longer travel range compared to other types of PA/PMs which generate
motions directly by the deformations of the piezoelectric material. Two USMs
with embedded linear encoders manufactured by Physik Instrumente (PI) GmbH
& Co. KG. are used to construct the 2-DOF stage. One USM is placed on the
other USM orthogonally. The top USM drives the tool set move along cutter’s
axial direction (parallel to Z-axis) while the bottom one drives along cutter’s ra-
dial direction (parallel to X-axis). The minimum incremental motion is 0.3µm,
the travel range is 19mm and the maximum velocity achievable is 400mm/s for
both X-axis and Z-axis.
(ii) A cutter for making the incision on the TM and holding on to the grom-
met through its hollow.
(iii) A hollow holder, which allows the cutter to extend from or retract into,
Figure 2.2: Mechanical structure of the device
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for locking the grommet along with the cutter and inserting the grommet.
(iv) A cutter retraction mechanism comprising of a servo motor with a link
mechanism for cutter retraction.
(v) A fixed plate attached to the stage for mounting the force sensor.
(vi) A movable base which will slide along the fixed plate for supporting the
tool set, fiberscope etc.
(vii) A precision linear guide way, placed between the base and the plate, in
order to reduce friction and allow the base to move along Z-axis freely.
(viii) Two slide locks located at both sides of the fixed plate for constraining
the movements of the movable base.
(ix) A handle with one start-up push button for supporting the whole device
and being manipulated by the user. The button facilitates the “point and click”
concepts of the device.
The overall dimensions of the device are about 112 (length)×45 (width)×155
mm (height) which is shown in Fig.2.3, and its weight is approximately 220g. The







Figure 2.3: Dimensions of the proposed device
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2.2.2 Mechanical Design
In the mechanical system, there are two key components: the tool set (in-
cluding the cutter and the hollow holder) and the cutter retraction mechanism.
In the following, both components will be presented in detail.
2.2.2.1 Tool Set
To address the space and accessibility challenge, a tightly integrated tool set,
leveraging on a telescopic structure, is designed to allow the required tools and
parts to be brought to the TM proximity at one go, and to allow each of them
to carry out its function in the right order and at the right time. Additionally,
the tool set is designed to be easily removable for sterilization and replacement.
(i) Cutter
The cutter is an important tool of the device, primarily to create the incision
on the membrane. It is designed to be fine enough to slot through the hollow of
the grommet and hold it in place. A needle-like cutter with a cylindrical shape
is used. Through initial empirical trials, it was observed that a simple needle
as shown in Fig. 2.4(a) or the syringe needle is able to incise the membrane
albeit not as efficiently as using the surgery knife (otology myringotomy blade).
The diameter of the slit incision can be controlled by the moving the cutter
in the X and Z directions. The sharpness is an important parameter of the
surgical needles/cutters [24]. In [25], it indicated that the sharp needle is easier
to penetrate the vital structure than blunt needle. Drawing on the results with
the syringe needle, an improved customized version of cutter is shown in Fig.
2.4(b) to achieve a sharper cutter tip.
The blade of the improved version has a two-step cutting edge: the first angle
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(a) Simple needle (b) Improved cutter
Figure 2.4: Design of cutter
β is smaller than the next one γ (i.e., β < α < γ). Hence, its first cutting edge
is sharper than the simple needle (because the angle β is smaller than the angle
α of the simple needle) while the same tapered length l can be maintained. For
example, let α = 19◦, β = 15◦ and γ = 22.5◦, then both tips are of the same
length l = 2.2mm, but the improved cutter has a cutting tip sharper than that of
the simple needle. Generally, the sharper the cutter tip is, the shorter the cutting
time is and the smaller the TM deformation is. Therefore, the improved cutter
is adopted to minimize both the myringotomy time and TM deformation. A slit
is preferred to a circle for the same reason mentioned for the laser myringotomy
device.
(ii) Hollow Holder
To hold on to the grommet at the end of the cutter, a hollow holder is
designed. Moreover, the holder is used to push the grommet into the slit on
the TM and release it in place. The hollow allows the cutter to be aligned and
retractile within the inner core of the holder. This telescopic design allows the
tool set to be tightly integrated and suitable to be applied within the confined
space. The design details of the holder are shown in Fig. 2.5.
As can be seen in Fig. 2.5(a), the end of the holder is designed with 2 “claws”
attached to hold on to the grommet when it is being manipulated to weave into
20
CHAPTER 2. MECHATRONIC DESIGN OF AN OFFICE-BASED SURGICAL
DEVICE FOR MYRINGOTOMY WITH GROMMET INSERTION
Figure 2.5: Design of hollow holder
the slit. This is crucial as there is no more inner core support once the cutter is
retracted into the grommet after the incising as shown in Fig. 2.5(b). The axial
restraint on the grommet is provided by the claws while the radial restraint is
provided by both the holder and the cutter. When the device is ready to release
the grommet, the cutter will be fully retreated into the holder first so as to
release the radial constraints on the grommet, followed by a sequence of quick
movement of the holder in X direction to release the radial rein on the grommet
as shown in Fig. 2.5(d). Specifically, the loose fit design is applied between the
claws and the grommet so that the extra force in X direction to the TM can be
tiny during grommet release.
Additionally, the tool set can be adapted to other types of grommets with
flange by changing the sizes of the holder and the cutter according to the dimen-
sions of different grommets.
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(iii) Stress and Deformation Analysis
Both the cutter and the holder are designed with small diameters and rel-
atively longer lengths. They are the main parts subject to force during the
procedure. A stress and deformation analysis is done to ensure that the force is
tolerable, and that the deformation of the cutter under stress does not affect the
performance during myringotomy.
During the whole process, the critical time instant is when the cutter is
incising the TM. Since the ends of the cutter and the holder are fixed, they
can be modeled as a cantilever beam system and the force analysis (during
myringotomy) is shown in Fig. 2.6. There are two forces being directly applied
on the cutter tip along the Z-axis and X-axis at this time, reaching a maximum of
close to 1N along each direction. Significantly, the maximum force is estimated
and obtained by the penetration and cutting force measurement tests on mock
membranes with a safety factor of 2.5. The experimental setup for the force
measurement is shown in Fig. 2.7(a). In the setup, the force sensor can measure
the applied force on the mock membrane directly. In order to measure the forces
along other directions, the orientation of the installation of the mock membrane
model can be changed.
Due to the changing cross-section shapes of the two separate mechanical
parts, the Finite element analysis (FEA) [26], [27] which offers one advantage
that it can be applied to the body with any shapes is applied. Taking into
Figure 2.6: Force analysis of the cutter and the holder
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account the conditions aforementioned, the stress and strain analysis on the
cutter and the holder was done with a simulation study of the model using the
FEA tool of Autodesk Inventor. The stress and the displacement distributions
when 1N forces are applied are illustrated in Fig. 2.7(b).
As can be observed from the figure, the maximum stress and strain are on
the cutter (close to the tip of the holder). The maximum equivalent stress
is 132.5MPa. Considering that the yield strength of the 304 stainless steel is
290MPa, the minimum safety factor is about 2.19 which is larger than 1. Hence,
the cutter design satisfies the strength requirements and the cutter is safe for use
(a) the experimental setup for the force measurement
(b) the stress and displacement distribution of the
tool set
Figure 2.7: Force measurement, stress and displacement distribution of the tool
set
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in this application. The maximum deformation incurred is at the cutter tip which
is 0.1346mm and the deformation of other portions are less than 0.1mm. This
is acceptable since these deformations are within 10% of the cutting movement
which is 1.3 to 1.5mm (0.13 to 0.15mm).
2.2.2.2 Mechanism for Cutter Retraction
According to the working principle of holding and releasing the grommet by
the holder and cutter, the cutter should be efficiently retracted into the holder.
Furthermore, the cutter is needed to be retracted prior to the grommet insertion
as a protruded cutter at this time may hit the inner bone structures located just
after the membrane. A sine generator mechanism is designed and implemented
as shown in Fig. 2.8 for this purpose. As can be seen in Fig. 2.8(a), as the crank
AB rotates clockwise or anti-clockwise, bar 03 will move forward or backward
linearly along the fixed guide 04. The kinematics of the sine mechanism is given
in the following equation:
s = L sinϕ (2.1)
where s is the stroke of the cutter (bar 03), L is the length of the crank (AB)
(12.5mm in this design) and ϕ is the angle between crank (AB) and the vertical
(axis a-a).
The resultant stroke is thus directly related to the sine of the angle, which is
the reason to call the mechanism a “sine generator”. In Fig. 2.8(b), the crank is
moved from 30 degrees to 90 degrees, the corresponding linear displacement is
from 0.5L (6.25mm) to L (12.5mm), and thus the cutter retracts 0.5L into the
holder, which is sufficient for the intended purpose. The reasons for using the
sine generator, instead of other coupling mechanisms, are due to the following
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advantages it offers: (i) actual linear displacement is easily determined via sine of
rotational angle; (ii) the link mechanism is easily fabricated and (iii) undesirable
backlash (which may affect the system precision) can be avoided.
A servo motor with a resolution of about 1 degree is used. The linear reso-
lution of the sine generator can be determined by (2.2):
∆s = |Lsin(ϕ+∆ϕ)− Lsin(ϕ)| (2.2)
where, ∆ϕ is rotary resolution (∆ϕ =1 degree) and ∆s is the linear resolution.
From 30 degrees to 90 degrees, the linear resolution is range from 0.0019 to
0.1880mm which is less than 0.2mm and accurate enough for the cutter retrac-
tion. A total retraction of about 6.5mm over two steps will thus be efficiently
enabled by this simple servo motor and coupling mechanism.
(a) the schematic diagram
(b) the practical mechanism in different position (30◦ and 90◦)
Figure 2.8: Design of cutter retraction mechanism
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2.3 Sensing System
The sensing system built into the device will serve two main purposes. First,
it will assist the user (e.g., the surgeon) to be visually aware of the situation when
the device is being navigated through the canal to the desired insertion spot on
the TM. Secondly, the sensing system allows each step in the full procedure to
be synchronized in the right and efficient order. The sensing system comprises
a built-in endoscope camera (vision) subsystem and a force sensing subsystem,
and these will be elaborated in the ensuing subsections.
2.3.1 Built-in Endoscope Camera Subsystem
Prior to activating the device to carry out myringotomy and grommet inser-
tion, machine vision is needed to assist the surgeon to determine where to carry
out the incision and to direct the cutter tip towards that spot. This vision com-
ponent can be considered as the surgeon’s “eye” in the surgery, as a microscope
outside of the ear (as in conventional surgery) is not appropriate here since the
line of sight will be blocked by the integrated tool set within the ear. A separate
rigid endoscope along side the device is also not a viable option as there is little
space to push this in for one, and positioning the optical end should be unob-
structed by the cutter for another. Moreover, a surgical grade microscope is very
costly and huge in size, inhibiting the effort to make the surgery more available
to underprivileged patients. A portable device incorporating the function of a
microscope is an attractive strategy.
A way to fuse the endoscope into the tool set is thus necessary. The telescopic
structure of the tool set is further leveraged on by slipping a flexible endoscope
(fiberscope) through the hollow of the cutter so that the optical end emerges just
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behind the cutter and they are axially aligned. The built-in endoscope serves as
the “eye in the canal” as shown in Fig. 2.9. The fiberscope utilizes this inner
core space to transmit the images of the ear canal and membrane as seen by the
lenses at the end of the fiber which is fixed just below the cutter tip. Generally,
a fiberscope is a flexible fiber optic bundle with an eyepiece at one end, and a
lens at the other end. It is often used to examine small components in tightly
packed equipment [28]. The flexibility of the fiberscope also offers advantages
of reducing the weight of the device, separating the heavy camera system away
from the device and easing its packaging together with other components. The
fiber optic endoscope used is with a small diameter of 0.35mm, a resolution of
3000 pixels, a field of view of 70 degrees [29]. The camera head used is with a
focal length of 25 to 50mm.
Figure 2.9: Schematic diagram of the build-in endoscope
During the process of moving the cutting end of the tool set towards the TM,
the built-in endoscope is continuously acquiring the images of the ear canal and
the TM and providing them to the surgeon so he is visually aware of the situation
in the ear and he can then select the desired grommet insertion point from
the images provided. In addition, with image processing, the relative distance
between the cutter tip and the desired insertion point can be roughly determined.
Besides that, since the outer diameter of the fiberscope is smaller than the
inner diameter of the cutter (see Fig. 2.9), there is some space left in the hollow
cutter. Then, a design for the suction function in middle ear is proposed in Fig.
2.10 to let the hollow cutter act as the suction tube due to the extra space inside
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(a) the 3D model
(b) the detailed design
Figure 2.10: Design of suction unit
the cutter.
2.3.2 Force Sensing Subsystem
The built-in endoscope allows vision in the ear canal. However, it is unable to
alert the system to the key moments to synchronize the operations, such as the
time instances corresponding to when the cutter tip or holder just touches the
membrane, when the cutter penetrates the membrane, and when the grommet is
inserted and released on the membrane. Furthermore, the bleeding from the TM
or the fluid from the middle ear after incision may block the view of the fiberscope
at times. To this end, a highly sensitive low cost force sensor (manufactured by
Honeywell International Inc.) with a sensitivity of 0.12mV/g which provides
precise and reliable force sensing performance in a compact commercial grade
package is utilized to detect these moments and provide the required information
to the device. The force sensor selected uses a silicon implanted piezoresistor
which changes its resistance according to the contact force. Once the force is
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applied on the sensor probe, it will be concentrated through the stainless steel
ball and directly to the silicon-sensing element of the sensor. The amount of the
resistance changes is according to the amount of the contact force being applied
[30]. The typical input and output resistances of the force sensor is 5kΩ while
its plunger deflection is approximately 30µm typical at full scale. Moreover,
an amplifier is connected with the sensor output to amplify the sensor output
signals.
2.3.2.1 Installation of the Force Sensor
The direct force measurement method is used in the design so as to maximize
the sensitivity of the sensor. The installation of the force sensor is shown in Fig.
2.11(a). The force sensor is fixed on the fixed plate while the cutter and the
holder are mounted on the movable base. A linear ball guide way links the base
and the plate so that the friction between them can be minimized. The base is
constrained by the slide locks to move on the guide way in the negative direction
of the Z-axis only. The probe of the force sensor attaches to the movable base,
so the sensor can measure the force applied on the base in the Z direction. The
force analysis schematic diagram is shown in Fig. 2.11(b).
As can be seen in Fig. 2.11(b), since the cutter and the holder are fixed
on the base, they can be considered as a whole rigid body. Due to the contact
between the force sensor and the movable base containing the cutter/holder, any
external force exerted on the cutter/holder can be transmitted to the base and
measured by the sensor. For the friction Ff of the linear guide way, its frictional
resistance is from 0.002 to 0.003 while the load on it is about 0.4N, hence, the
static friction is 0.0008 to 0.0012N which can be ignored. Thus, the measured
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force Fm can be used to represent the applied force Fn (i.e., Fm ≈ Fn).
During the myringotomy and grommet insertion process, the force Fm is
sensitive enough to distinguish the following five different milestones: (i) cutter
has just engaged membrane; (ii) membrane is just penetrated by the cutter; (iii)
grommet has contacted the membrane; (iv) grommet is inserted onto membrane;
(v) entire tool set is withdrawn. Cases (i) and (ii) arise before cutter retraction
while cases (iii) to (v) arise after cutter retraction, and thus the milestones can be
further differentiated by the order in which they will occur. Based on the sensor’s
output and the order of these events, the time instances corresponding to these
fiber different milestones can be identified and differentiated, which enable the
synchronization of the various functions of the device to complete myringotomy
and grommet insertion automatically, minimize the process time and improve
the success rate. Fig. 2.12 shows three force measurement profiles during the
(a) the installation of the force sensor
(b) the force analysis schematic diagram
Figure 2.11: Installation and force analysis of the force sensor
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procedure on three different sets of mock membranes. As can be observed, the
force detected changes throughout the procedure. Moreover, the force profiles
and patterns during touch detection, myringotomy and grommet insertion are
almost the same in these three plots, which means the force sensing results are
repeatable. Thus, it can be concluded that the force sensing results can be used
for identification of the five instances.
Nevertheless, the force sensor is also able to detect whether the tool set hits
the ear canal or TM due to the different outputs (the force on ear canal is larger
than on TM). With the help of the force sensor, the accidental hitting the ear
canal can be detected to minimize hits along there occurrences. Thus, it assists
to keep the operations safe compared to a device without such feedback.
2.3.2.2 Signal Processing of the Force Measurements
The motions from the USM stage would have an effect on the force sensor
output due to the inertia force. It acts like a noise/disturbance on the sensor’s
output. Due to this noise, the noise-infiltrated force measurements can be rather
erratic and this phenomenon can severely affect the detection of the milestones,
especially when this is done by a computer control system automatically. In
addition, it is difficult to carry out the automated surgical procedure robustly
with these measurements. To address this problem, a median filter shown in Eq.
(2.3) is designed and applied. The window for the median filter is 0.3 seconds,
i.e., for the DAQ with a sample rate of 100Hz, the window is 30 samples.
yi = median(Xi) (2.3)
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Figure 2.12: Measured output of the force sensor during the procedure on dif-
ferent mock membranes: (i) membrane touched; (ii) membrane penetrated; (iii)
grommet touched; (iv) grommet inserted; (v) toolset withdrawn
where i = 0, 1, 2, ..., n − 1, yi represents the filtered output which is the median
value of the output sequence Xi, Xi = {xi−j , xi−j+1, ..., xi, xi+1, ..., xi+k−1, xi+k}
is a subset of the input sequence X centered about the i-th element of X with
a range from i− j to i+ k.
For comparison purposes, a second-order low-pass filter with a cut-off fre-
quency of 30Hz is also applied to the force measurements. The filtered outputs
from these two filters are shown in Fig. 2.13(b) and Fig. 2.13(c), respectively.
As can be seen in these figures, both filters can smoothen the output signal.
However, the low-pass filter cannot clearly eliminate the noise and yet retains
the key distinguishing profiles, thus leading to false positives. In Fig. 2.13(c), it
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Table 2.1: Conditions for identification of the instances from force output
Instances Force value (V, 1V=0.2N) Force change
membrane touched (by cutter) > normal force value + 0.2 increase ↑
membrane penetrated = normal force value ± 0.05 decrease ↓
grommet touched > normal force value + 1.0 increase ↑
grommet inserted
fully < normal force value + 1.0
decrease ↓
half
> normal force value + 1.0
< normal force value + 2.0
tool set withdrawn = normal force value ± 0.05 decrease ↓
can be observed that the noise is eliminated by the median filter and the resul-
tant signal is much clearer than that from the low-pass filter for this purpose.
The filtered signal is clean and still retains the useful force information to detect
the milestones.
With the median filter, the control system is able to identify the five instances
from the changes in the signal (see Fig. 2.13(c)) and its differential values (see
Fig. 2.13(d)). The mathematic conditions for identifying the five instances based
on the filtered force sensor’s output and their order are shown in Table 2.1. The
normal force value is a mean value while there is no external force applying on
the tool set and the base. This value is set after the device is settled down in
the place, fixed at a certain angle and before the surgery starts (i.e., before the
cutter starts to be moved towards the TM).
Significantly, there are three classes of grommet insertion: (i) the grommet
is fully inserted successfully; (ii) the grommet is half inserted (only the “tail”
has been inserted) and (iii) the grommet is not inserted at all. These cases can
be identified through the force sensor. The force signal will remain relatively
large if the grommet is not inserted, unlike the case if it is fully inserted when
the signal will drop to a low level close to an unobstructed movement. The force
signal when the grommet is only partially inserted will lie between these two
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(a) Measured outputs of the sensor



































(b) Low-pass filter outputs










































(c) Median filter outputs
















(d) Differential of the median filter outputs
Figure 2.13: Measured output and filtered output of the force sensor
thresholds.
Besides, a Notch filter is also applied to eliminate the power source interfer-
ence at the frequency of 50Hz.
2.3.2.3 Force-based Supervisory Controller
Generally, the force sensing subsystem is not only used for identifying and
monitoring each instance during the surgical process, but also for assisting the
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proposed device to carry out the surgical process automatically. To this end, a
force-based supervisory controller is designed as shown in Fig. 2.14.
As can be seen, the supervisory controller consists of an instance correlator
and a motion sequence selector. The instance correlator is used to identify each
instance during the process according to the force sensor output, the order of the
instance (or motion sequences) and the specified conditions shown in Table 2.1.
The motion sequence selector is used to select the designed motion sequences of
different instances based on the output of the correlator.
For example, when the surgical process is started, the correlator will first
identify whether the membrane is touched. If it is not touched, then the selector
will select the motion sequence for touching as the reference signal to the motion
controller (i.e., the USM stage will move the tool set forward along Z-axis). The
correlator will continuously check if the force sensor output fulfils the touching
condition (i.e., larger than 0.2V). Once the output is larger than 0.2V (i.e., the
cutter touches the membrane), the correlator will identify that the membrane is
touched, then send out a signal to the selector and thus the selector will select the
following motion sequences (stop the motion sequences for touching and trigger
Figure 2.14: Force-based supervisory controller
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the motion sequences for incision which will be presented in Section 2.4 in detail).
During the incision (myringotomy) procedure, the motion sequences for incision
will be selected and thus the myringotomy is started. Once the motion sequence
for incision is done, the instance correlator will identify whether the membrane
is penetrated. If it is penetrated, the selector will select the motion sequences
for the next instance: grommet insertion. If it is not penetrated, the selector will
select the motion sequences for incision (i.e., the myringotomy procedure will be
carried out) again until the membrane is penetrated. The working sequences of
the supervisory controller is shown in Fig. 2.15.
Thus, the supervisory controller is a force feedback control system working
Step i (Initialization) 
System configuration and initialization;  
Enable sensors and actuators;  
Set the normal force value; 
Go to step ii; 
Step ii (Touch) 
WHILE (Surgery is started & Touch detection is not done) 
  IF (Force sensor output > normal force value + 0.2) 
         Touch detection is done; 
  ELSE 
                       Move forward step by step and read the force sensor output; 
 END 
END 
Switch to Step iii; 
Step iii (Myringotomy) 
WHILE (Touch detection is done & Myringotomy is not completed) 
  IF (Force sensor output == normal force value േ0.05 & Incision motion sequences is done) 
         Myringotomy is completed; 
 ELSE 
          Carry out motion sequences for incision; 
 END 
END 
Switch to Step iv; 
Step iv (Insertion) 
IF (Myringotomy is completed) 
Carry out motion sequences for insertion; 
IF (Force sensor output < normal force value + 0.1) 
   Grommet is fully inserted; 
Insertion is completed; 
ELSE IF (Force sensor output < normal force value + 0.2) 
         Grommet is half inserted; 
Carry out contingency actions UNTIL grommet is fully inserted; 
Insertion is completed; 
ELSE 
  Grommet is fail to be inserted; 
  Fail indication is on and stop; 
END 
END 
Switch to step v; 
Step v (Release) 
IF (Insertion is completed) 
Carry out motion sequences for toolset withdrawn; 
END 
Figure 2.15: Working sequences of the supervisory controller
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in an outer loop which supervises the proposed device to carry out the process
sequences automatically and systematically.
2.4 Motion Control System
The USM is the enabler for the motion of the tool set. It is controlled by
a motion control system to yield the necessary precise and customized motion
profile to achieve incision and grommet insertion meeting the requirements of
an office-based procedure. The control algorithms in the motion control provide
the main intelligence to accomplished these tasks automatically, by tracking
specially designed motion sequences given sensory feedback information. In this
section, the motion sequences designed for incision and insertion are presented
respectively, then a presentation of the controller for USM is given, followed by
an elaboration of the working process.
2.4.1 Motion Sequences for Incision
In the myringotomy phase, a vibrating movement sequence has been designed
to achieve incision with minimum deformation at the fastest time. Following tri-
als on mock membranes, it is observed that the membrane cannot be penetrated
by only actuating a small movement of 0.2mm of the cutter along the Z-axis
(which is sufficient to traverse the thickness of the membrane) because it is elas-
Table 2.2: Cutting time consumed with and without vibration









without vibration incision is not achievable for 0.2mm Z-movement
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tic. A longer displacement will incur a big deformation of the membrane which
will lead to intense discomfort of the patient or even tear of the membrane. To
restrict the Z-movement to be small and able to incise the membrane, a vibration
along the X-axis acting on the cutter at the same time as the Z displacement
allows the incision to be achieved at a faster rate without inducing much de-
formation. The results as shown in Table 2.2 indicate that the vibration helps
significantly to make the incision, and the higher the frequency is, the shorter
the cutting time. A higher frequency can also reduce the deformation of the
membrane. The proposed motion sequences along both axes are shown in Fig.
2.16.
The frequency of 20Hz in the X-axis is used as the amount of time reduc-
tion becomes negligible beyond this frequency, and a higher frequency vibration
poses challenges to be generated precisely by the controller. Additionally, the
frequency limit of the permanent threshold shift that causes inner ear damage via
transmission of the vibration is 1,600Hz [31]. Moreover, the human audible range
of frequencies is usually from 20 to 20,000Hz. Thus, the 20Hz vibration on the








































Figure 2.16: Motion sequences for incision
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membrane will not hurt the inner ear and make the patients feel uncomfortable.
2.4.2 Motion Sequences for Insertion
After the incision is made, the holder needs to weave the grommet into the
slit incised. It is possible to insert the grommet on the membrane by directly
pushing the grommet through the membrane alone Z-axis. Some approaches
in the literature [18] to [8] adopt this method but require specially customized
grommets. If standard grommets are to be used such as the common Shah type,
the long “tail” of the grommet can yield a large deformation of the membrane if it
is directly inserted this way. From observations of trials on the mock membrane,
it is found that the holder needs to push the grommet forward at least 1.6 to
1.7mm more after the grommet has touched the membrane so as to insert the
grommet onto the membrane. The long insertion movement may split the slit
too wide to receive the grommet securely, tear the membrane, or even hurt the
inner ear as the middle ear space is restricted. Moreover, the deformation on
the membrane due to the relatively long direct insertion stroke may cause the
patient much discomfort.
In order to insert the grommet on the membrane more efficiently and yield
less deformation in the process, a special motion path for inserting the grommet
is designed. The 2-DOF USM stage will drive the holder which gripped on to the
grommet to follow the designed path during the grommet insertion procedure.
The designed path is shown in Fig. 2.17(a) for the Shah type grommet. As can
be seen, the grommet will be driven to touch the surface of the membrane first.
Next, the “tail” of the grommet will be slotted in the TM by a quarter circle
motion. In the last step, the rest of the grommet will be inserted with two small
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(a) the design path











































(b) the motions of each axis
Figure 2.17: Motion sequences for insertion
motions in Z-axis and X-axis sequentially. By following this specially designed
path, the grommet can be inserted into the incised spot more readily and without
much deformation. In order for the 2-DOF stage to track the quarter cycle path,
the reference signal to the Z-axis stage is chosen as a sine wave while a cosine
wave reference signal with the same amplitude is issued to the X-axis stage. The
motion sequences are depicted in Fig. 2.17(b). The motion include two parts: the
first part from 0.1 to 0.3s depicts the grommet approaching the membrane; the
second part from about 0.5 to 1.7s depicts the movement for grommet insertion.
The deformation of the membrane is about 0.95 to 1.15mm, which is a reduction
in deformation of at least 0.35mm, compared to direct insertion.
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2.4.3 Motion Controller for USM stage
Two simple precise PID controller are implemented for the motion control of
both USM stages.
Furthermore, in order to improve the precision, a precise and high perfor-
mance feedback control system is designed for both the incision and the grommet
insertion phases. The details behind the design of the control algorithms and
their implementation will be presented in next chapter.
2.4.4 Working Process
At this stage, the full working process will be highlighted to show how one
step transits to the next automatically.
Before the working process by the device, tool set sterilization and cleaning
Figure 2.18: Proposed working process
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for the ear canal are carried out. Then, there are five steps before a grommet is
fully inserted and the device withdrawn from the ear: (i) system initialization and
configuration; (ii) myringotomy; (iii) grommet insertion; (iv) cutter retraction
and grommet release and (v) tool set withdrawal. The working process is shown
in Fig. 2.18.
First, the insertion location is selected by the surgeon with the help of the
endoscope. Then the device is directed manually under the guidance of the
endoscope so that the cutter tip is pointed at the desired insertion spot. The
first milestone is reached when the cutter just engages the membrane as feedback
by the force sensor. The initial position calibration is completed, and the device
is ready to be activated to operate autonomously.
Upon activation, the cutter is driven by the USM stage to complete the
incision as highlighted in Subsection 2.5.1 as shown in Fig. 2.18(b). It is noted
that the penetration displacement of the cutter from the contact point has to
be no more than 2 mm so as to ensure that the probability of causing injury to
middle or inner ear is minimized. The control system will use the feedback from
the force sensor to determine if the incision is completed.
Next, the control system initiates the grommet insertion. The cutter is re-
tracted slightly by the cutter retraction mechanism so that the cutter tip is
hidden inside the grommet, and then the grommet is inserted with the specially
designed motion sequence on the USM stage highlighted in Subsection 2.5.2, as
shown in Fig. 2.18(c). The control system will again infer from the force sensor
feedback that this step is accomplished.
Finally, the cutter is fully retracted into the hollow holder and the entire
tool set is withdrawn. The holder is moved in X direction at first so that the
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grommet can be dislodged from the claw of the holder and then the holder is
withdrawn from the ear as shown in Fig. 2.18(d). The whole process is now
completed.
Significantly, the working process except the initial position and calibration
step is to be efficiently and automatically accomplished with the guidance of the
sensing system over a short time duration.
2.5 Prototype and Experiments
In this section, the prototype of the surgical device is shown at first, and
then the experiments and results are presented and discussed.
2.5.1 Prototype
The system setup with the prototype and the system architecture are shown
in Fig. 2.19 and Fig. 2.20. The full system comprises of the device, a computer
(PC) with NI (National Instruments) motion control card PCI-7350 which is
the platform for motion control algorithms and power supplies. The overall
system is implemented on the NI PCI-7350 controller and programmed by using
LabVIEW software. The computer provides the user-interface and manages the
whole process with a sampling time of 10ms.
The program flow chart is shown in Fig. 2.21. The key steps of the working
process are programmed to be done automatically and sequentially with the help
of the force sensor. The system allows for contingency actions when a failure
occurs. The proposed contingency actions are shown in Fig. 2.22 In the failure
cases, if the grommet is half inserted, some additional steps move the grommet
forwards along both Z-axis and X-axis will be carried out automatically, either
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(a) the system setup
(b) the prototype held by hand
Figure 2.19: System setup and system architecture
Figure 2.20: System architecture
until the grommet is fully inserted or until the number of steps reaches the safety
limit. The limit is to ensure that the steps do not deform the membrane too much
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Figure 2.21: Program flow chart
Figure 2.22: Contingency actions
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or hit the inner ear. If the grommet is not inserted at all, the device will stop
immediately and its manipulation will be switched to a manual control mode.
The surgeon will be alerted to complete the process manually. The surgeon can
carry out different corresponding operations, dealing with the different failure
cases identified by the force signal, to complete the procedure. These failures
can also be observed from the images provided by the built-in endoscope if it is
not impeded by the membrane or the fluid discharged from the middle ear.
2.5.2 Experiments and Results
2.5.2.1 Mock Membrane
The device will ultimately be used in a full clinical trials on animals and
humans. Prior to these trials, intensive experiments on a specially customized
mock-up system are done to enable a controlled calibration of its performance
leading to subsequent enhancement works.
A mock membrane has to be used for the huge amount of experiments re-
quired and it will form the core of the mock-up systems. A number of films
were selected based on similarity in terms of thickness, young modulus and yield
strength. In addition, it should give a similar deformation to a TM to the
same force applied on both. Different materials are used in the selection process
including Polytetrafluoroethylene (PTFE), Polyethylene (PE) and latex. The
forces applied on these membranes are measured and controlled with a force
sensor. By comparing the forces, it can be found that the characteristics of PE
membrane are closest to the monkey TM. An experienced ear surgeon also inde-
pendently verified it to be the closest to the human TM. Hence, the transparent
PE membrane with a thickness of 50µm is used as the mock membrane.
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2.5.2.2 Experiments on the Mock Membrane Model
Experiments are conducted to verify the effectiveness of the device and to
calibrate its performance. In the experiments on the mock membranes, the Shah
type grommet mentioned before is used. The proposed working process is applied
on samples of the PE mock membranes which have characteristics similar to the
TM. Fig. 2.23 shows the mock membrane model before and after a typical full
procedure. Fig. 2.24 shows the sensory feedback throughout the duration of the
working process and highlight the key milestones reached.
To calibrate the performance of the device, 100 tests are carried out for the
Shah type grommet. The device can successfully create the required incision on
all the 100 membranes within a short time. For grommet insertion, 94 grommets
succeed to be inserted on the membranes while 4 grommets are half inserted and
2 grommets fail to be inserted. In the few failure cases, 4 Shah type grommets
can be successfully inserted with the contingency actions activated. Thus, the
success rate of the device can be up to 98% with the Shah type grommet.
The process times are also calibrated from the tests. The typical process
time of myringotomy is about 1.1s while grommet insertion takes about 1.6s.
The typical surgical time needed for the procedure after the cutter touches the
membrane till the grommet has been inserted is around 2.7s.
Figure 2.23: Mock membrane before (left) and after (right) grommet insertion
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Figure 2.24: Sensory information during the procedure
In addition, to simulate the actual cases of OME, the mock membrane model
is fully filled with liquid at the other side of the membrane (i.e., the pressure
behind the mock membrane is higher than the mock membrane model without
liquid). 20 tests are carried out using the Shah type grommet. The grommets
are successfully inserted in all of the 20 membranes, i.e., a 100% success rate
is achieved. The results correlate with the experimental results on the mock
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membrane model without liquid and verify that the presence of fluid and thus
additional pressure do not affect the operation of the device. Fig. 2.25 shows
that a Shah type grommet is inserted on the liquid-filled mock membrane.
Figure 2.25: Grommet insertion on the liquid-filled mock membrane
Besides that, the device can also be used to insert other types of grommets
successfully. For example, the Tytan type grommet is able to be inserted on the
mock membrane by the device as shown in Fig. 2.26. The Tytan type grommet
is another type of short-term grommet. Its inner flange and outer flange are
with the same diameter of 1.5mm while the shaft, inner diameter and length are
about 1.2mm, 0.76mm and 1.6mm respectively which are the same as the Shah
type grommet. Moreover, it is made of titanium (different from the Shah type
grommet) with micro-polished lumens and flanges to discourage occlusion with
blood, mucus or other fluid.
During the experiments, 97 out of 100 Tytan type grommets are success-
(a) the Tytan type grommet (b) the inserted Tytan type grommet
Figure 2.26: Tyatan type grommet and its insertion on mock membrane
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fully inserted on the mock membranes, i.e., the success rate on the Tytan type
grommet is 97%.
2.5.2.3 Experiments on the Head and Ear Model
The mock membrane tests were done in an open manner with no restriction
on the accessibility to the TM. Furthermore, the actual profile of the TM is
not flat with bone structures behind it. A realistic head and ear model is then
designed. A removable ear model can be detached and attached from and into a
half-head model with a slot (see Fig. 2.27). All the dimensions are in the range
of the actual human head and ear. As can be seen in Fig. 2.27, a white stick
is attached to the mock membrane to emulate the ear bone and a conical shape
mock membrane is formed.
On the ear model, 50 tests are carried out using the Shah type grommet.
Figure 2.27: Half-head model and ear model
Figure 2.28: Ear model before (left) and after (right) grommet insertion
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Fig. 2.28 shows the ear model before and after grommet insertion. The device is
able to successfully incise the mock membrane and insert the grommet under the
realistic restrictions put into place. The myringotomy is successful in all tests
while 46 out of 50 grommets are fully and automatically inserted successfully.
Three of them are half inserted, and the contingency follow-up is invoked or
the grommet insertion procedure is re-activated to complete them without any
damage to the membrane. Thus, the one-time success rate with Shah type
grommet is 92% and then can be increased to 98% with additional steps, which is
consistent with the results in the previous experiments on the mock membranes.
Besides that, the fiberscope is used during these tests. The fiberscope view
before and after grommet insertion is shown in Fig. 2.29. As can be seen,
(a) before grommet insertion
(b) after grommet insertion
Figure 2.29: Fiberscope view before and after grommet insertion
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although the imaging quality of the fiberscope is lower than the clinical micro-
scope, it is still able to identify the membrane and the ear bone, and then select
the desired grommet insertion spot while the fiberscope is coming close to the
membrane.
2.5.2.4 Experiments on the Harvested Pig Eardrum
Finally, the proposed surgical device is tested on the harvested pig eardrum
to examine adaptability of the device to different physicomechanical properties
of the eardrum. Significantly, the structure of the pig ear canal is tortuous
(the pig ear canal is almost parallel to the pig eardrum) which is very different
from human. This feature prevents the grommet insertion via pig ear canal.
Therefore, the tests were conducted by exposing the temporal bone and inserting
the grommet from the middle ear cavity in order to leverage on the characteristics
and properties of the pig eardrum to evaluate the system. The system setup and
the half pig head are shown in Fig. 2.30.
In the tests, the Shah type grommet was used and 20 pig eardrums were
selected for insertion. The device was success in creating the incisions on all pig
eardrums and 18 grommets were finally inserted on the pig eardrums successfully.
Figure 2.30: System setup with half pig head
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The success rate on pig eardrum is 90% which is lower than the success rate on
mock-up system. Fig. 2.31 shows an external endoscope view of one pig eardrum
after grommet insertion. During the tests, all the failures occurred at the phase
of grommet release. The mainly reason for the failures is because the friction
between the grommet and the holder’s claws is slightly higher than the grommet
holding ability of these pig eardrums. Thus, one possible solutions to further
improve the success rate is to make the modifications on the holder, which can
be done by reducing one claw or/and designing the claws to be the loose fit as
well as manufacturing them to be more precise and smooth.
Figure 2.31: Pig eardrum after grommet insertion (external endoscope view)
2.6 Conclusions
In this chapter, a novel surgical device for office-based myringotomy with
grommet insertion has been designed to address the problems associated with
conventional surgery and reported devices for similar purposes. The challenges
faced in the development of such a device are highlighted and they are addressed
via a highly integrated mechatronic design of the key constituent components of
the device.
The device has been put to test and the experimental results show that the
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prototype is able to carry out the procedure with a success rate of 98% on mock
membrane and 90% on pig eardrum. The process time durations needed by
the two key processes of myringotomy and grommet insertion are less than 2s,
and the overall time for the full procedure from the time of cutter/membrane
contact to grommet insertion is around 2.7s. Significantly, the smart and novel
device is able to accomplish the required tasks in an office setting without the
limitations of the current art and the disadvantages of the existing solutions
such as: the requirement for expensive and specialized equipment, reliance on
experienced surgeon’s skills, long waiting and operational time, and the hefty
cost beyond the reach of the less financially privileged patients. The simplicity
of the device also allow the access of patients from developing countries to an
effective treatment for OME.
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Chapter 3
Precision Control of a Piezoelectric
Ultrasonic Motor
The motion enabler is the core component for providing high precision mo-
tions within the surgical device presented in Chapter 2. The piezoelectric-
ultrasonic motor is selected as the motion enabler since it offers the advantages
of piezoelectric actuators or motors (PA/PMs) such as fine accuracy, high speed
and resolution, but allow longer travel distances than other types of PA/PMs.
In this chapter, a precision motion control system is developed for the chosen
ultrasonic motor.
3.1 Background
Along with the advance of mechatronics and robotics over the past few years,
auto or semi-auto surgical instruments and robots are increasingly designed and
developed to assist surgeons and improve the surgical success rate. Among the
precision actuators used in these instruments, the PA/PMs are well positioned
for high precision motion tracking which explain their usage in many medical
applications requiring high precision. For example, in [10]-[12], the actuator used
in the system for assisting Intra-Cytoplasmic Sperm Injection (ICSI) is a high
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precision linear piezoelectric actuator. The PA stage is used to drive a needle in
the desired piercing direction, which helps to improve the system performance.
In [32], a multi-DOF (degree-of-freedom) ultrasonic actuator which is capable of
generating three-DOF rotations of the surgical instrument for Minimally Inva-
sive Surgery (MIS) is developed. The compact spherical motion actuator offers
significant advantages of dexterity and space saving which are desirable for MIS
since dexterous manipulations are required within the small confine.
In this chapter, it concerned with the realization of precise motion sequences
for the novel surgical device suitable for patients with OME. The “point, click
and insert” mechanism entails meeting a unique set of challenges and specifica-
tions in the motion control of the surgical tool set as it engages the tympanic
membrane (TM) for myringotomy with grommet insertion.
Generally, PA/PMs are designed and implemented based on the piezoelectric
effect [33]. They can generate very small reproducible displacement in response
to an applied electric field [34]. Therefore, PA/PMs play an important role in
current precision motion control systems and widely applied to precision engi-
neering [35]. Usually, PA/PMs can be roughly classified into two types: piezo-
electric translator and ultrasonic piezomotor (USM). The piezoelectric translator
can be considered as directly being driven by the deformation of the piezoelec-
tric material induced by an electric field. Unlike piezoelectric translator, the
piezoelectric material in USM is excited to produce high-frequency mechanical
oscillations. Then the motions of USM are converted from the oscillations by
the friction force between the surface of stator and rotor [36]. Due to these dif-
ferences, USM can offer large traveling distance while piezoelectric translator’s
stroke is limited. Moreover, the USM is small size, light weight and noiseless.
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Thus, this is the reason why the USM is chosen for the proposed surgical de-
vice. In the past two decades, various types of USMs have been developed, some
of which can be found in [37]-[41]. A modeling of linear USM is presented in
[42]. Meanwhile, a number of approaches to modeling and control of the USM
system have also been reported in[43]-[47]. These results have shown that the
USM has good performance attributes and properties which are valuable in pre-
cision positioning and vibration control. The surgical device for OME uses two
USMs stacked orthogonally one on the other to drive the surgical toolset over
finely precise and high speed motion sequences to carry out the myringotomy
procedure followed by tube insertion optimally from a surgical perspective.
Tracking control of the USMs to meet the precise specifications is a chal-
lenging task. Since the USM is driven on the basis of friction, and hysteretic
phenomenon co-exists in the piezoelectric material, the USM induces nonlinear
dynamics and the significant component being due to friction. In addition, dur-
ing the medical procedures where the tool set will engage the TM in different
intensity, the force loading on the USM can vary significantly which can be con-
sidered as an additional form of uncertainty along with unmodelled dynamics of
the USM. Despite these challenges, the control specifications cannot be compro-
mised. The USM has to track prescribed fine motion trajectories at high speed
in order for the medical procedures to be accomplished which include the inci-
sion of a small but controlled slit, and the insertion of a tiny tube through the
slit, all these while the patient is awake and who can possibly be traumatized if
the procedure is prolonged. A poor tracking control performance can lead to an
under or an over-actuated slit on the tympanic membrane, and/or undue lateral
deformation on the membrane due to insufficient incision frequency. All these
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may contribute directly or indirectly to a failure of the medical procedures.
The main contribution of this chapter is thus to design a high performance
composite controller for the USM in a novel surgical device to produce a level
of tracking performance which can be translated to procedural success at the
clinical front. The design of the composite controller is core to integrate the
different components to work as one functional device with the necessary speed
and precision to meet the performance requirements. The composite controller
comprises of three control components: a PID feedback controller is used as
the main tracking controller with the PID parameters derived optimally using
an LQR-assisted tuning approach; a sign function compensator acts to remove
nonlinear dynamics due mainly to friction; and finally a sliding mode control
action further rejects remnant uncertainty from unmodelled dynamics and dis-
turbances. Individually, these control components will address a specific facet of
the control issues expected in the USM of the surgical device and its interaction
with the human tympanic membrane. One objective of the work is market-driven
to use the most adequate control algorithm to meet the requirements.
The rest of this chapter is organized as follows. In Section 3.2, the key
problem statements and requirements for the motion control system are pre-
sented. Next, the system description, the USM modeling and the parameter
identification are presented in Section 3.3. Then, the control design for the USM
is discussed in Section 3.4. In Section 3.5, experiments on point-to-point move-
ment of the USM and trajectory tracking (representative of the motion sequences
expected within the ear) are discussed, along with the control performance and
results. Finally, conclusions of this chapter are drawn in Section 3.6.
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3.2 Problem Statements and Specifications
In this section, the clinical requirements and technical specifications to the
device are specified. These specifications will subsequently serve as the bench-
marks in the control design and evaluation.
3.2.1 Clinical Requirements
Generally, the diameter of the TM is about 8 to 10mm as mentioned previous-
ly, and a small hammer-shaped ossicle called “malleus” for sound transmission is
attached to the upper region of the inner surface of the TM. Therefore, in order
to avoid hurting the malleus during the surgery, the anteroinferior quadrant of
the TM (see Fig. 3.1) is often the site for grommet insertion. The grommet
used in this work (see Fig. 2.1) is with the outer diameter of 1.2mm and flange
diameter of 1.6mm at the end approximately. As a result, for myringotomy, the
device needs to make a incision with a precise length of 1.2mm in a circular area
in the TM of a radius less than 4 to 5mm.
A special set of motion sequence (see Section 2.4) has thus been identified
to achieve the incision with minimum deformation at the fastest time from test-
s done on the mock membrane (made of Poly Ethylene, PE). The empirical
experimental results indicate that the vibration along the cutting direction (per-
pendicular to penetration direction) helps to make the incision, and the higher
Figure 3.1: Anteroinferior quadrant of TM
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the frequency is, the shorter the cutting time will be. This is very important
considering the patient’s level of tolerance in an awake mode. Moreover, it can
be observed that an increase in the vibration frequency can reduce the lateral
deformation of the membrane. Based on the results, the 20Hz cutting vibration
is chosen since the cutting time is short enough.
3.2.2 Technical Specifications
In the myringotomy with grommet insertion procedures, precise and fast
series of short motion sequences need to be tracked with a small tolerance for
tracking errors. One control objective is to obtain high accuracy in positioning
and the other is to track the desired trajectory quickly. The process time of
myringotomy needs to be less than 1-1.5s to be suitable to be administered to
patients in an office-setting.
Specifically, the designed minimum step of the device is 0.1mm, and the po-
sitioning error should be within 10 to 15% of the step, so the steady-state error
in positioning should be within ±0.0125mm. With the same criteria, the maxi-
mum absolute tracking error should be less than 0.1mm during the myringotomy
when a sine wave with amplitude of ±0.6mm and frequency of 20Hz is applied.
The proposed controller has to be formulated very appropriately to produce a
level of tracking performance which will be translated to procedural success at
the clinical front.
3.3 System Identification
The USM is the core component within the device to be controlled to render
the medical procedures automatically. In this section, the USM stage will be
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introduced first, followed by a presentation of the model and the parameter
estimation algorithms.
3.3.1 System Description of USM
A single-axis USM is shown in Fig. 3.2. The movement of the USM is
consequent of the friction generated between the piezo-ceramic plate mounted
in the stator and the friction bar attached to the mover. The piezo-ceramic
plate is the motor’s core piece which can be excited to produce high-frequency
eigenmode oscillations. For each oscillation cycle, the tip of the plate moves a
micro step along the guideway. Thus, at the eigenmode frequency, the mover is
driven forward or backwards through the contact between the tip and the friction
part [48]. The minimum incremental displacement of the mover is 0.3µm. It is
measured by a built-in linear encoder with a resolution of 0.1µm. The maximum
push/pull force it can provide is 2N and the velocity can be up to 400mm/s.
Moreover, the USM is able to self-lock even when it is powered down.
For each motor, a drive is used to convert analog input signals (-10 to 10V)
into the required high-frequency drive signals [49], which are used to excite the
required oscillations in the stator. More specifically, the analog input signals to
the drive directly relates to the motor’s velocity. In this chapter, the motion
Figure 3.2: Ultrasonic motor stage
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control of one single-axis USM is focused on and developed since both motors
are with the same structure, controlled by the same control strategies.
3.3.2 System Modeling of USM
The USM possesses nonlinear dynamics, so its model can be considered as
the combination of two parts: a linear term and a nonlinear term as shown in
Eq. (3.1).
x¨(t) = Flinear(t) + Fnonlinear(t) (3.1)
where x(t) is the position of the mover, Flinear(t) and Fnonlinear(t) represents the
linear term and the nonlinear term, respectively. Significantly, the linear term
is the dominant part of this system.
For the linear term of the system, since the input to the drive affects the
velocity output of the motor, it behaves like a DC motor which is a second-order
system. The linear term can be described similarly by Eq. (3.2).
Flinear(t) = −a1x(t)− a2x˙(t) + bu(t) (3.2)
where a1 = k/m, a2 = c/m, b are the dominant parameters of the USM and u(t)
is the input signal to the drive.
For the nonlinear term, the nonlinear dynamics includes hysteresis and fric-
tion which relate to the velocity of the USM. Friction is the major nonlinear part
of this USM. Therefore, the nonlinear term can be written as Eq. (3.3).
Fnonlinear(t) = −f(x˙) (3.3)
where f(x˙) is a nonlinear function, which can be decomposed into two parts
which are Coulomb friction fc(x˙) and uncertain component ∆f which may be
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unknown but bounded, i.e., |∆f | ≤ ∆fM . Thus, the nonlinear term can be
rewritten as:
Fnonlinear(t) = −f(x˙) = −fc(x˙)−∆f (3.4)
Combining Eq. (3.2) and Eq. (3.4), then the full model of the USM can be
shown in Eq. (3.5):
x¨(t) = −a1x(t)− a2x˙(t) + bu(t)− fc(x˙)−∆f (3.5)
3.3.3 Parameter Estimation
Once the model structure of the USM is determined in Eq. (3.5), the model
parameters need to be estimated. In the ensuing subsections, the nonlinear
term of the model is estimated first before the linear term is identified after
neutralizing the nonlinear part with a nonlinear compensator.
3.3.3.1 Nonlinear Term
As previously mentioned, the nonlinear term is composed of a structured
component and an uncertain component. The structured component can be
considered as a kind of disturbance which can be written as Eq. (3.6).
fc(x˙) = bufc(x˙) (3.6)
where ufc(x˙) is considered as the equivalent frictional input relating to velocity.
During the experimental tests, a sine wave with a frequency of 0.5Hz and an
amplitude of ±4V is used as the analog input and it is applied to the open loop
system. The relation between the input and the velocity output is shown in Fig.
3.3.
From the figure, it is found that the USM begins to move when the input is
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Figure 3.3: Relation between the input and the velocity output
around -2.535V or 2.305V.
Therefore, fc is not symmetric along the forward and backward directions.
The Coulomb friction is written as Eq. 3.7.
ufc(x˙) = σsign(x˙)− δ|sign(x˙)| =


(σ − δ) , x˙ > 0
0 , x˙ = 0
(−σ − δ) , x˙ < 0
(3.7)
where σ is a coefficient, sign is a symbol function, δ and c are constants.
The experimental results include the coefficient and the constants in Eq. (3.7)
which are estimated as follow: σ = 2.420, δ = 0.1150 and b will be given during
the identification for the linear term. Therefore, the non-symmetric friction term
is described by the following equation.
ufc(x˙) = 2.420sign(x˙)− 0.1150|sign(x˙)| (3.8)
Then, the complete nonlinear term is obtained,
Fnonlinear(t) = −2.420sign(x˙)b+ 0.1150|sign(x˙)|b−∆f (3.9)
64
CHAPTER 3. PRECISION CONTROL OF A PIEZOELECTRIC ULTRASONIC
MOTOR
where ∆f represents the uncertainty present in the system.
3.3.3.2 Linear Term
For the identification of the linear term, a compensator equals to the inverse
of ufc is applied to the open loop system so that the nonlinear term is elimi-
nated. Considering that it is necessary to excite the signals sufficiently during
identification, in order to identify the parameters of the second-order system, a
multi-frequency square wave is chosen as the input signal. Since the required
working frequency of the USM for myringotomy is 20Hz and the fast response
is needed, the input signal is designed to consists of three different frequencies:
10Hz, 20Hz and 30Hz which are around the required working frequency (20Hz).
The amplitude of the signal is 3.5V. The input signal and the response (position
measured output) of the open-loop USM system are shown in Fig. 3.4, where
the sampling time is 0.001 second.
With the help of the System Identification Toolbox of MATLAB and using
the ARX model structure, the parameters are estimated as: a1 = 248.4, a2 =
202, b = 4940. Hence, the linear term of the USM is given by the following




























Figure 3.4: Input signals and open-loop response
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model.
x¨(t) = −248.4x(t) − 202x˙(t) + 4940u(t) (3.10)
Combining the linear term and the nonlinear term, the full model of the USM
in Eq. (3.1) can be rewritten as:
x¨(t) =− 248.4x(t) − 202x˙(t) + 4940u(t)
− 11954.8sign(x˙) + 568.1|sign(x˙)| −∆f (3.11)
3.3.4 Model Validation
To validate the model, the multi-frequency square wave with the same fre-
quencies mentioned in previous subsection and an amplitude of ±3.5V is applied
to the open loop system again. Meanwhile, that input signal is applied to the
model to run a simulation. The comparison of the actual measured output and
the simulated output is shown in Fig. 3.5. As observed, the simulated output
tallies well with the measured output, although they are slightly different at the
local maximum and minimum points. The percentage of fit between the actu-
al measured output and the simulated output is 91.86% ,which is defined and





where y is the actual output and yˆ is the simulated output from the model.
Overall, the computed linear model is acceptable for the intended purpose.
The output difference between the actual and the model may be attributed to
the friction uncertainty.
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Figure 3.5: Comparison between actual measured output and simulated output
3.4 Control Scheme
In this application, the motion of the USM is required to be of high accuracy
and fast response.
For the linear term, the PID controller is used and designed since it has
a simple structure, easily understood and implemented, and widely used. For
the nonlinear term, the structured component is compensated by a sign function
while the uncertain nonlinear component is rejected by a sliding mode controller.
The block diagram of the control scheme is shown in Fig. 3.6.
Figure 3.6: Control scheme for USM
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In this section, the LQR-assisted PID controller for the linear term will be
designed first, followed by a discussion of the nonlinear compensation method.
3.4.1 LQR-assisted PID Controller
The main controller for the linear term is the PID controller. Although
it has a simple structure, tuning the parameters for optimal performance is a
challenge. In this case, there are many modified or advanced PID controller
tuning approaches aiming to address this problem, which are proposed in [50]-
[54]. Since the LQR optimal control design method is easy to use and implement
to get a quick response, and an overshoot that is as small as possible, the PID
controller is combined with a LQR optimal control strategy for this application.
The following PID control law is used







where e1(t) = xd(t) − x(t) is the position error, xd(t) is the desired position,
Kp,Ki and Kd are controller parameters. To apply the optimal control directly,
the system model needs to be changed to an error model. The integral error is
given by e0(t) =
∫ t
0 e1(τ)dτ and the derivative error is given by e2(t) = e˙1(t).
Choose the errors as the states, i.e., X(t) = [e0(t), e1(t), e2(t)]
T and thus
X˙(t) = AX(t) −Bu(t) +B[
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From this model, the dominant linear part is
X˙(t) = AX(t)−Bu(t) (3.15)
From Eq. (3.15), it can be observed that the vector X is a PID term which
should be determined for the application. The PID controller is then converted
to an equivalent state feedback controller. Moreover, this model is controllable
as long as b is not zero since the determinant of the controllability matrix is
det(Wc) = b
3. The PID parameters are obtained by using the LQR technique.




[XT (τ)QX(τ) + ru(τ)u(τ)]dτ (3.16)
where Q is the weighting matrix, normally, it is chosen as a diagonal matrix, i.e.,
Q = diag{q1, q2, q3}, and r is the weighting factor.
Consider the PID control structure and Eq. (3.15), the state feedback control
form is taken as
ul(t) = KX(t) (3.17)









 > 0 is the solution of the Riccati equation shown below,
ATP + PA− r−1PBBTP +Q = 0 (3.18)
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Thus, the feedback controller is




Actually, the feedback gain K contains the PID parameters, i.e., the propor-
tional gain Kp = k2, the integral gain Ki = k1 and the derivative gain Kd = k3.
3.4.2 Nonlinear Compensation
The control law in Eq. (3.19) does not consider the effects of the nonlinear
term. Substitute Eq. (3.4) and Eq. (3.7) into Eq. (3.14), the system becomes
X˙(t) =AX(t)−Bu(t)+
B[
σsign(x˙)b− δ|sign|b+∆f + bud
b
] (3.20)
where bud(t) = x¨d(t) + a2 ˙xd(t) + a1xd(t) which can be compensated by setting





Eq. (3.21) can also be decomposed into two parts: (a) the structured com-
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For the structured component, it is easily eliminated with a sign function
ufc(x˙).
For the uncertain component, a sliding mode control law Eq. (3.24) is pro-
posed to reject it.
us(t) = kˆssign(X
TPB) (3.24)
where kˆs is used to adaptively estimate the amplitude of the uncertain term in




where ρ1 is the adaptive gain and Proj(.) is the smooth projection algorithm
which details are shown as follows.






TPB|, if p(kˆs) ≤ 0
ρ1|x






















where |kˆs| ≤ ksM , ksM is a positive constant and ǫ is an arbitrary positive real.
This projection has the property:
k˜sProj(ρ1|x
TPB|, kˆs) ≥ k˜sρ1|x
TPB|
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Substituting this control into the system, thus





where A¯ = A−BK = A+ r−1BBTP .
Theorem 1. The system Eq. (3.14) with the controller given by
u(t) = −r−1BTPX(t)− kˆssign(X(t)
TPB) (3.27)
where P is the solution of the Riccati equation.
with Q > 0 which is stable. Further, limt→∞ ||X|| = 0.
Proof. Consider a Lyapunov function V = XTPX+ρ−11 k˜
2




Its time derivative is given by








=XT (ATP + PA− PBr−1BTP )X −XTPBr−1BTPX




| − 2ρ−11 k˜s
˙ˆ
ks
≤XT (ATP + PA− PBr−1BTP )X −XTPBr−1BTPX




| − 2ρ−11 k˜s
˙ˆ
ks (3.28)
Since Eq. (3.18) holds, it follows that
V˙ ≤−XT (Q+ PBr−1BTP )X + 2k˜s|X
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Applying the adaptive law to the equation above, thus
V˙ ≤ −λmin(Q+ PBr
−1BTP )||X||2 (3.30)
It is obvious that the sign of V˙ is negative. This implies that the closed-
loop system is stable. It implies that X is bounded and k˜s is bounded. In the
following, it needs to show the boundedness of the tracking error ||X||. This
requires to first prove that X, X˙ are bounded.
From Eq. (3.26), it is observed that X˙ is also bounded, as X, kˆs,∆f are






−1BTP )||X||2dτ ≤ V (0)− V (∞)
≤ V (0) (3.31)
where the positive definiteness of V has been used. This implies that X belongs
to L2. By virtue of Barbalats lemma, it can be concluded that
lim
t→∞
||X|| = 0 (3.32)
From the above analysis, the sliding mode controller can reject the unknown
term ∆f .
In sum, combine Eq. (3.7) and Eq. (3.24), the nonlinear compensation is
given by
unl(t) =ufc(t) + us(t)
=[σsign(x˙)− δ|sign(x˙)|] + kˆssign(X(t)
TPB) (3.33)
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3.4.3 Overall Control System
Combining Eq. (3.17), Eq. (3.7) and Eq. (3.24), for the system shown in
Eq. (3.14), the proposed control law is given by
u(t) =r−1BTPX(t) + ud
+ [σsign(x˙)− δ|sign(x˙)|] + kˆssign(X(t)
TPB) (3.34)
3.5 Experimental Results
To verify the proposed control algorithm, a USM stage is used for testing.
The main experimental setup is shown in Fig. 2.19 but the control card is
changed to a dSPACE 1104 control card which utilizes Texas Instruments TM-
S320C31 32-bit floating point processor. The control algorithm is implemented
via MATLAB/Simulink block diagrams with RTI (Real-Time Interface), com-
piled on a computer which can be downloaded into the dSPACE board. Hence,
the system consists of the surgical device which is driven by the USM with an
integrated encoder system, a motor drive, and a PC with dSPACE 1104 control
card. The block diagram of motion control system is shown in Fig.3.7. The
sampling time is 0.001 second.
The PID controller is designed based on the LQR approach. Referring to the
Figure 3.7: Block diagram of motion control system
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Bryson’s rule [55], the selection of the weighting matrix isQ=diag{1600, 100, 10−4}
and r = 0.0625. Therefore, the PID gain becomes K = r−1BTP can be calcu-
lated by Eq. (3.18), giving K = [160, 40.5069, 0.0994]. The eigenvalues of the
closed-loop system A = (A−BK) are {−344.43+281.01i,−344.43−281.01i,−4}
which contain real parts which are all negative, i.e., Re{λ(A)} < 0). This implies
that the designed PID control system is stable. On the other hand, choose the
adaptive gain ρ1 = 0.0001.
Therefore, the composite controller in Eq. (3.34) can be written as
u(t) =40.5069e1(t) + 160e0(t) + 0.0994e2(t)
+ ud + 2.42sign(x˙(t))− 0.115|sign(x˙(t))|
+ kˆssign(0.625 × (40.5069e1(t) + 160e0(t) + 0.0994e2(t))) (3.35)
Furthermore, for a comparison purpose, the relay-based PID tuning method
proposed in [56] is also used. First, the ultimate gain Ku = (4d)/(aπ) and the
oscillation period Tu are determined by the closed-loop response of the system
when it is under a relay feedback, where d is the amplitude of the relay and a is
the amplitude of the relay output. Then the PID controller parameters can be
obtained from the Ziegler-Nichols tuning laws according to the ultimate gain and
the oscillation period (Kc = 0.6Ku, Ti = 0.5Tu, Td = 0.12Tu). The PID control
is given by









where, Kc is proportional gain, Ti and Td are the integral and derivative time
parameters, respectively.
From the relay experiment, the ultimate gain and the oscillation period are
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obtained: Ku = 40.0705 and Tu = 0.0255. Thus, the relay-tuned PID controller
is
u(t) =24.04(e(t) + 78.43
∫ t
0




=24.04e1(t) + 1885.46e0(t) + 0.07362e2(t) (3.37)
3.5.1 Point-to-Point Movements
For point-to-point movements, a low frequency square waves with an ampli-
tude of 1.2mm and a frequency of 1Hz is used. The position control performance
by using different control laws is shown in Fig. 3.8 and the error is shown in Fig.
3.9
As can be seen, all the control laws resulted in a stable system. The steady-
state errors achieved by all of the three control laws are in the allowed range
(±0.0125mm). The steady-state error by using LQR-assisted PID control is
slightly larger than using relay-tuned PID control. However, it is clear that
the overshoot incurred by the LQR-assisted PID control is much smaller than
the relay-tuned PID control. One reason is that the calculated integral gain is

















































Figure 3.8: Position control performance with a square wave reference
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Figure 3.9: Error with a square wave reference
quite large based on the relay tuning method. Actually, the integral term helps
the closed-loop system to eliminate the residual steady-state error, while the
LQR-assisted PID control with smaller integral gain cannot eliminate this error
well. However, in this case, the excessive integral gain leads to an increased
overshoot and slow down the rise time of the system. The large overshoot is
not allowed in myringotomy since it may hurt patient’s inner ear or even tear
the TM. Moreover, the rise time achieved after adding the compensator and the
adaptive control law (composite control) is shortened slightly (slightly shorter
than the relay-tuned PID control system even though the relatively high integral
gain and the derivative gain are obtained according to the relay tuning results).
By comparing the PID controller without and with compensator and adaptive
control law, it can be observed that the composite controller can track the desired
setpoint more accurately. When only the PID control law is applied, the USM
can neither reach the position at 1.2mm nor return to the original point at 0mm
precisely. After adding the compensator and adaptive control law, the USM
is able to reach the setpoint very precisely since the proposed controller can
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compensate non-symmetric friction and reject unknown nonlinear disturbance.
3.5.2 Trajectory Tracking
In real applications, a vibration of about 20Hz is required, as discussed in
Section 3.2, along the cutting direction in myringotomy. Additionally, the track-
ing error needs to be minimized. In the trajectory tracking experiments, three
sine waves with the same amplitude but different frequencies including 10Hz,
15Hz and 20Hz are applied separately. The amplitude is at ±0.6mm, which is
also the same as the required incision length. In the following subsections, the
trajectory tracking experiments are carried out without and with disturbance.
3.5.2.1 Tracking without Disturbance
The errors and the control inputs when the frequency is 20Hz by using dif-
ferent control laws are shown in Fig. 3.10 and Fig. 3.11, respectively. Moreover,
Fig. 3.12 indicates the time response of kˆs which is converging.
Fig. 3.13 and Table 3.1 show the maximum absolute error and the root-mean-
square (RMS) of error by using different control laws in different frequencies. As





















Figure 3.10: Error with a sine wave reference (20Hz)
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Figure 3.11: Control input with a sine wave reference (20Hz)














Figure 3.12: Time response of kˆs with a sine wave reference (20Hz)
can be seen in this figure and data, the tracking performance of LQR-assisted
PID controller is better than relay-tuned PID controller over the frequency range
of 10-20Hz. Furthermore, with additional compensator and adaptive mechanism,
the performance is much better than the pure PID controller. Focus on the RMS
of error, the control performance is improved by at least about 25% from relay-
based PID to LQR-assisted PID controller. Meanwhile, the maximum absolute
error of the LQR-assisted PID is approximately half of the relay-based PID.
Furthermore, the error of the composite controller is around 40 to 50% of the
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Figure 3.13: Errors associated with different controllers
Table 3.1: Tracking Errors associated with different control laws
Frequency Amplitude
Maximum Absolute Error (mm)
Relay-PID LQR-PID Composite control
10Hz ±0.6mm 0.2158 0.1159 0.0483
15Hz ±0.6mm 0.2695 0.1425 0.0689
20Hz ±0.6mm 0.3505 0.1791 0.0964
RMS of Error (mm)
Relay-PID LQR-PID Composite controlss
10Hz ±0.6mm 0.1068 0.0799 0.0286
15Hz ±0.6mm 0.1564 0.0916 0.0428
20Hz ±0.6mm 0.2300 0.1096 0.0582
pure PID controller. This means that the effects of additional control strategy
are still significant at a relatively high frequency, and it can help to improve
the system performance clearly. Besides that, the maximum absolute error is
0.0964mm<0.1mm when the frequency is 20Hz, which meets the requirement of
myringotomy. To compare the energy consumption by using different controllers,







where u(t) is the control signal.
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Fig. 3.14 shows the energy by using different controllers in different fre-
quencies and Table 3.2 shows the maximum absolute control input signal of
different controller. As can be seen in the figure and table, the required energy
for LQR-assisted PID controller is smaller than the Relay-based PID controller.
From 10 to 15Hz, it can be found that the energy is almost the same between
the LQR-assisted PID controller without and with additional control strategy.
However, the maximum absolute control input is a bit smaller while using the
composite controller. For 20Hz, no matter the energy or the control input, the
composite controller requires less energy than the pure PID controller, while the
performance can be improved much by adding the nonlinear compensation.































Figure 3.14: Energy by using different controller
Table 3.2: Maximum control input of different control laws
Frequency
Control input(V)
Relay-PID LQR-PID Composite control
10Hz 5.408 4.691 4.601
15Hz 7.108 6.046 5.719
20Hz 8.906 7.703 6.161
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3.5.2.2 Tracking with Disturbances
In order to examine the contributions of the sliding mode controller, a dis-
turbance is introduced in the form of a force loading on the USM. Hence, a mock
membrane setup is used to simulate the TM and placed next to the tool set with
a grommet on the surgical device. The contact force while the toolset is pushed
towards the membrane is a varying disturbance.
Fig. 3.15 shows the maximum absolute error and the RMS of error on track-
ing different sine wave reference signals with disturbance by using the composite
controller with and without sliding mode control law. As can be seen, by apply-
ing the sliding mode controller, the maximum absolute error is reduced by 4.30
to 15.09% while the RMS of error is reduced by 5.81 to 7.28% compared to the
controller without the sliding mode control law. Therefore, it can be concluded















































Figure 3.15: Errors associated with the composite controller without or with
sliding mode control law (with disturbance)
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3.5.2.3 2-DOF Tracking
Although the two USM stages works independently during myringotomy,
they are required to work cooperatively to realize the desired path during grom-
met insertion. Thus, experiments on tracking the desired path in 2-DOF are
carried out to examine the performance of the motion control system. The mod-
el and control of the other USM stage in X-axis is obtained using the same
methodology as the one uses for USM stage in Z-axis.
At first, a cycle path is chosen. In order to achieve the cycle path by the
2-DOF stage, the reference signal to the Z-axis stage is chosen as a sine wave
while a cosine wave reference signal is to the X-axis stage. The amplitude and
frequency of the input signal are the same which is ±0.6mm and 15Hz. The
reason for using 15Hz is that the fast motion is required, i.e., the surgical time
should be as short as possible so as to reduce the damage to the TM. The control
performance of one cycle by using the LQR-assisted PID controller without and
with nonlinear compensation is shown in Fig. 3.16. As can be seen, there is only
a small portion of the path that can be tracked by using the pure PID controller,
while the path is tracked well by using the PID controller with compensation.
In order to verify the performance while using different control laws, the two-
norm ‖ • ‖2 of the errors in both axes is used to measure the 2-DOF errors. The






and the mean of ‖ e ‖2 is denoted by e and used to evaluate the tracking
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Figure 3.16: Control performance of one cycle by using the PID controller with-
out and with compensation
Table 3.3: Tracking Errors by using different control laws








(‖ e ‖2) (3.40)
Next, the reference signal is kept unchanged, running 300 cycles (20 seconds)
by using different control laws: LQR-assisted PID controller without nonlinear
compensation and composite controller. The control performance is shown in
Table 3.3. As presented, the error of the controller with nonlinear compensation
is much smaller than the pure PID case, which is one third of the error of
the controller without compensation and less than 10% of the amplitude of the
reference signal. It can be concluded that the nonlinear compensation can also
greatly improve the performance in tracking the 2-DOF trajectory.
Finally, the proposed composite is applied for grommet insertion on a mock
membrane. The grommet is successfully inserted on the membrane. The desired
84
CHAPTER 3. PRECISION CONTROL OF A PIEZOELECTRIC ULTRASONIC
MOTOR
path and the system output are shown in Fig. 3.17. The maximum and the
mean of the two-norm of the error are 0.6544 and 0.0248mm, respectively. This
result is acceptable and the deformation caused using the designed path is much
smaller than directly inserting so that the damage to the membrane is minimal.




















Figure 3.17: Control performance of grommet insertion
3.5.3 Discussion
It can be concluded that the LQR-assisted PID tuning method is a better
way for PID parameter tuning than the traditional one which does not guarantee
optimal control of the system. The LQR-assisted PID controller can help to
improve the system performance as well as minimize the energy consumption.
Different performance requirements can be achieved more easily by changing
the weighting matrix Q in LQR-assisted PID controller. Moreover, the Coulomb
friction compensator and the sliding mode controller can help to greatly improve
the system performance, further reject the presence of disturbance/uncertainty
and keeping a similar level of energy consumption.
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3.6 Conclusions
In this chapter, the motion controller design of an ultrasonic piezomotor (US-
M) stage in the core of the surgical device is presented. The USM is represented
as a cumulative sum of a linear dynamical term and a nonlinear dynamical ter-
m, and the parameters of the model are obtained with a system identification
approach applied sequentially to each part. A composite controller is specifi-
cally chosen and designed to match the model form of the USM as well as the
interaction with the human TM expected. It comprises of a PID-based feedback
tracking controller which is designed using a LQR method. In order to remove
the nonlinear dynamics primarily due to the friction, a nonlinear compensator
is designed.
In conclusion, a sliding mode control layer will remove undesirable effects
due to unmodelled dynamics and disturbances such as those arising from in-
teractions of the USM with the human TM. The experimental results indicate
that the composite controller achieves a high level of performance, meeting the




Stabilization for an Ear Surgical De-
vice by Force Feedback with Vision-
based Motion Compensation
As mentioned in the previous chapter, the proposed surgical device aims to
shift the conventional surgical procedures to the doctor’s/surgeon’s office. Due
to its office-based design, it is not possible to subject the patient to general
anesthesia (GA), i.e., the patient is awake during the surgical treatment with
the device. To ensure a high success rate and safety, it is very important that the
relative motion and the contact force between the tool set of the device and the
tympanic membrane (TM) can be stabilized. To this end, a control scheme using
force feedback with vision-based motion compensation is proposed, implemented
and tested in a mock-up system in this chapter.
4.1 Background
For the proposed device, it is designed to allow the office-based, automatic
and quick surgical treatment (both incision and grommet insertion) for OME
to be accomplished in a patient under local anesthesia (LA). Therefore, like the
other current surgical devices for the treatment of OME, it does not subject
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a patient to GA once the surgery is shifted to the office and thus there are
challenges involved while carrying out an office-based procedure on an awake
patient. Hence, it is very important to keep the motion between the device and
the patient (especially the patient’s head or TM) to be relatively static since
this motion will affect the contact force after the grommet touches the TM.
Through several trials, it was found that the procedures may not be successful if
the contact forces are out of the allowable threshold. The success rate is higher
when the contact force is controlled than without control. An excessive contact
force may result in over-insertion while a zero or small contact force may lead to
under-insertion. Thus, a effective motion/force stabilization system is required
for such kind of office-based surgical devices.
An approach for stabilization is proposed in the previous work in [57], com-
bining mechanical restraints and physiological engagement, which can be lever-
aged on at different times with a strategy to encourage the patient to participate
in the process while using the device. This approach helps to stabilize the device
directly and reduce the patient’s head motion a lot, but it is still not able to
guarantee that the relative motion between the tool set (with grommet) and the
TM is minimized and the requirements of the contact force between them are
met. In addition, the mechanical restriction approach is not the best solution
for restricting the head motion since it may make the patient feel uncomfortable
or even hurt the patient. Thus, a new approach for stabilization by forcing the
tool set to follow the membrane at a desired contact force is considered.
In recent years, several researches that relate to the force control system or
stabilization system for the surgical devices (especially the hand-held devices)
have been done and presented in [58]-[62]. In [58], the benefits of force feedback
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were examined. In [60], a haptic feedback system in robot-assisted minimally
invasive surgery is described. In [61], a hand-held surgical device with a robot-
ic force tracking system was developed for maintaining a desired contact force
in beating heat. In [62], the researchers proposed a force control system for
maintaining a desired contact force between the target tissue and the probe of
the probe-based confocal laser endomicroscopy (pCLE). As can be seen, a force
control system can benefit the surgery and improve the stabilization and the
performance of the surgical device. However, all these proposed system is not
designed for the surgical devices for OME and their target is not aiming for the
contact force on the TM neither. In addition, as mentioned before, there are
few studies on the stabilization system for the office-based surgical devices for
OME. Thus, the development of the stabilization system for such kind of devices
is required and a stabilization system based on force feedback is developed in
this chapter.
Nevertheless, some researchers suggested in [61] and [63] that the response
of the force control system may not be rapidly enough for the robotics and the
surgical applications. Therefore, a vision-based motion compensator is proposed
and designed in the following sections to speed up the response and to achieve
the better performance.
The rest of this chapter is organized as follows. First, the background is given
in Section 4.1. In Section 4.2, a modified working process of the proposed surgical
device as well as the information about human head motion are provided. Next,
the development of the control scheme for the stabilization system is presented
in Section 4.3. After that, experiments on force tracking and stabilization are
given, and their results are discussed in Section 4.4. Finally, conclusions of this
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chapter are drawn in Section 4.5
4.2 System Description
In this section, the mechanical approach for stabilizing the device is present-
ed at first, followed by the presentation of the new working process and the
information of the head motion.
4.2.1 Mechanical stabilization subsystem
Besides the core mechanical system shown in Fig. 2.2, a mechanical approach
for the applicator and/or grip stabilization is proposed to assist the surgeon in
stabilizing the device. It consists of a 7-DOF universal arm with locks (see Fig.
4.1) and a holding mechanism used to hold the device. The device can be moved
by hand in all directions and orientations freely to any position before the surgery
due to the universal arm. Once the insertion position is determined, the locks
on the arm will be activated so that their motions can be restricted and thus
the device is stabilized. Moreover, the universal arm is fastened to the surgical
chair/bed so that the device can be made sure to be fixed once the locks are
activated. Therefore, more stable and robust operations can be achieved by the
Figure 4.1: Universal arm
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stabilization subsystem.
4.2.2 Working Process
As mentioned in Chapter 2, the touch detection is done by the contact be-
tween the cutter tip and the membrane, which has the potential risks of hitting
the ear canal and hurting the tympanic membrane. To eliminate these risks and
simplify the aforementioned working process, a new working process for insert-
ing the Shah type grommet and another new working process for inserting the
Tytan type grommet via the device are proposed as shown in Fig. 4.2 and Fig.
4.3, respectively.
There are still the same five steps include: (i) system initialization and con-
figuration; (ii) touch detection; (iii) myringotomy; (iv) grommet insertion and
Figure 4.2: New working process of the proposed device for the Shah type grom-
met
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Figure 4.3: New working process of the proposed device for the Tytan type
grommet
(v) grommet release with tool set withdrawn. Significantly, the lock on the uni-
versal arm is required to be activated after step (i) is accomplished. The main
difference between the previous working process and both new working process
is step (ii). In step (ii), the cutter is retreated a bit into the grommet so that
the cutter tip is inside the grommet, then the tool set moves forward until the
grommet touches the membrane with a desired contact force.
In the new working process for inserting the Tytan type grommet, another
change is in step (iv). Instead of weaving the grommet on the membrane via a
deigned path, the grommet is inserted on the membrane by pushing the grommet
into the incision directly in a high speed. Therefore, the insertion procedure for
the Tytan type grommet can be simplified and the insertion time can be much
reduced.
In sum, for both new working process, step (ii) as well as step (iii) to step
(v) are to be efficiently and automatically accomplished with the guidance of the
92
CHAPTER 4. STABILIZATION FOR AN EAR SURGICAL DEVICE BY FORCE
FEEDBACK WITH VISION-BASED MOTION COMPENSATION
sensing system. Furthermore, upon a program optimization, the final three steps
now can be carried out faster and sequently with a total time less than 1s. In
order to ensure a high success rate of myringotomy with grommet insertion, the
relative motion and the contact force between the grommet and the membrane
after touching are required to be within a proper threshold.
4.2.3 Human Head Motion
As mentioned before, the device is fixed and stabilized by an universal arm.
Thus, only the movements of the TM will affect the relative motion between
the tool set (with grommet) and the TM. Generally, the human head motion
is equivalent to the TM’s motion since they are connected together. Therefore,
it can be assumed that the TM’s motion can be restricted by stabilizing the
head motion. While the patient is subjecting to the surgical treatment by using
the proposed device, he/she is in the lying position, the top view of which is
shown in Fig. 4.4. As can be seen, the patient’s head motion can be easily
decomposed into three motions along X-axis, Y-axis and Z-axis, respectively.
The Z-axis is along the axial direction of the tool set. The motion in Y-axis can
be ignored since the patient lies in bed with a proper head support. Furthermore,
it is obvious that the motion along Z-axis directly affects the relative location
Figure 4.4: Top view of the head and the device
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between the grommet and the TM as well as the contact force and the motions
in other directions do not affect them. Thus, the relative motion between the
grommet and the TM can be measured by the head motion along Z-axis. In
other words, this relative motion can be kept still by stabilizing the head motion
along Z-axis. Thus, the head motion along Z-axis is the key to stabilize the
contact force and motion.
For controller design and simulation purpose, an experiment on measuring
the head motion along Z-axis when the person is in the lying position have been
carried out with the help of imaging processing technology. Three samples with
regard to that motion as the examples are shown in Fig. 4.5. As can be seen,
the displacement of the head in Z-axis is roughly in the range of 0.2 to -1.0mm.
Thus, it can be concluded that the amplitude of the motion is within ±1.0mm.
To analyze the frequency information of the head motion the fast Fourier















































Figure 4.5: Head motions along Z-axis of three different persons
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transform (FFT) algorithm is applied, and its result is shown in Fig.4.6. It is
easy to find out that the dominant frequency is less than 0.1Hz which implies
that the head motion is not fast. Moreover, there is a local maximum located at
the frequency of 0.32Hz due to the breathing (the respiratory rate is around 20
breaths pre minute [64]). After 0.32Hz, the amplitudes of the rest frequencies
are small enough to be ignored. Thus, it can be concluded that the dominant
part of the head motion is with the frequency in the range of 0 to 0.1Hz, and
the head motion is also affected by the breathing which presents a frequency of
0.32Hz but with a relatively small amplitude which won’t be considered. In this
chapter, the main objective focus on stabilizing the motion with the amplitude of
±1.0mm and the frequency of 0.1Hz after the grommet (on the tool set) touches
the TM and before the myringotomy is activated.










Figure 4.6: Spectrum of the head motion
4.3 Control Scheme
The control scheme is shown in Fig. 4.7, which is a cascade control with a
compensation mechanism. It consists of a motion controller in the inner loop for
the precision position control of the USM stage, a force (feedback) controller in
the outer loop and a vision-based motion compensator.
The output of the force controller and the output of the motion compen-
sator are set to be the reference signal and send to the motion controller input.
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Figure 4.7: Control Scheme
The motion compensator has fast response to the head motion, which directly
measures and compensates the head motion so that the contact between the
grommet and the membrane can be roughly kept within a allowable threshold.
The force controller is to further maintain the contact force at a desired value.
Thus, the grommet driven by the tool set is able to follow the head motion by
the controlled contact force under this control scheme.
The details behind the design and implementation of the motion controller
can be found in Chapter 3. The design of the force feedback controller and the
motion compensator are presented in the following subsections, respectively.
4.3.1 Force Feedback Controller
The proportional-integral-derivative (PID) controller shown in Eq. (4.1) is
chosen for the force feedback since it has a simple structure, easy to design and
implement.







where ef (t) = fd(t) − f(t) is the position error, Kp,Ki and Kd are controller
parameters.
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The Laplace transformation representation of PID controller is given by




In this application, since the pure derivative action in the controller may
bring about the undesirable noise amplification to the system, the pure derivative
action is replaced by a first-order low pass filter so as to avoid the phenomenon
known as “derivative kick” and reduce the noise [65]. Thus, the PID controller
can be modified to be a PIDF (proportional-integral-derivative-filter) controller,
which is written as







where Tf is the time constant of the filter.
4.3.1.1 System Identification
To design the proper controller parameters, a mock membrane made of
polyethylene (PE) which has a similar characteristic to the TM has been s-
tudied. In this case, the relation between the grommet’s position with respect to
the mock membrane and the reactive force of the mock membrane is required.
Therefore, a triangular wave with the peak-to-peak amplitude of 1.0mm and the
frequency of 0.1Hz as the reference signal is applied to the motion controller, so
that the USM stage tracks the reference signal and drives the grommet to act
and release a contact force on the mock membrane. The linear encoder output is
used to calculate the relative position between the grommet and the membrane.
The force sensor output is equivalent to the reactive force from the membrane.
The position input and the force output are shown in Fig. 4.8.
97
CHAPTER 4. STABILIZATION FOR AN EAR SURGICAL DEVICE BY FORCE
FEEDBACK WITH VISION-BASED MOTION COMPENSATION


























Figure 4.8: Input signal and output response
By means of the System Identification Toolbox of MATLAB, the position-
force relation after touching are identified and represented by the following






s2 + 7.683s + 19
(4.4)
where F (s) and D(s) represent the reactive force and the relative position, re-
spectively.
To validate the model, a simulation is run by using Eq. (4.4). The actual
force output and the simulated force output are shown in Fig. 4.9. As observed,
the simulated output match the most part of the actual output and the different
parts between them may be due to the nonlinearity. The percentage of fit
(defined by Eq. (4.5)) between the actual and the simulated outputs is 89.99%





where y is the actual output and yˆ is the simulated output.
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Figure 4.9: Model validation
4.3.1.2 PID Controller Tuning
Base on the model obtained and refer to the literature [66], with the help of
the Control System Toolbox of MATLAB, the PIDF controller parameters are
obtained as follows: Kp = 0.580,Ki = 6.72,Kd = 0.00724, Tf = 0.0171. Hence,
the PIDF controller for the force feedback is
U(s) = 0.580Ef (s) + 6.72
1
s




4.3.2 Vision-based Motion Compensator
The vision-based motion compensator comprises of two parts: (i) vision-
based motion measurement and (ii) head motion compensation. The motion
measurement is the key part for the compensator, which is designed for mea-
suring the head motion utilizing the image processing technique. The motion
compensation is used to translate the head motion output into the reference in-
put to the motion controller so that the motions of the USM stage and the head
can be synchronized.
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Fig. 4.10 shows the block diagram of the setup for the motion compensator.
A low cost high resolution camera is placed on top of the patient’s head at a
certain distance to capture the image sequences of the head. However, it is not
easy to figure out the head movements according to this video. To this end,
a marker is introduced and sticked on the patient’s forehead so that the head
motion can be indicated by the movement of the marker. The marker is made
to be a black dot with a diameter of 2.0mm and white background, so a simple
image processing approach can easily find out the center of the dot. The marker’s
movement can be obtained by calculating the displacement of its center and thus
achieve the head motion measurement.
The flow chart of the motion measurement is shown in Fig. 4.11. At First, the
camera is aligned to the device with the coordinate alignment and the distance
between the camera and the marker is fixed to a desired range. Then, the region
of interest (ROI) is defined around the marker and a calibration is carried out to
determine the pixel resolution (e.g., mm per pixel). After that, the configuration
and the initialization are completed. Next, the image processing will be carried
out frame by frame, which consists of the following five steps: (i) thresholding
(convert the color image into binary image); (ii) noise reduction (filter out the
Figure 4.10: Block diagram of the setup for the motion compensator
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Figure 4.11: Flow chart of the motion measurement
image noise); (iii) marker segmentation (segment the marker from the image);
(iv) calculation of center point (locate the marker’s center in the image); and
(v) displacement output (compute and export the displacement of the center
between the current frame and the previous frame). Finally, the processing is
stopped when the surgical procedure is completed.
4.4 System Validation
To validate the system performance, some experiments on mock membrane
are carried out. In this section, the experimental system setup is shown, then the
experiments for verifying the proposed control scheme are given and discussed
in detail.
4.4.1 Experimental System Setup
The experimental system setup are shown in Fig. 4.12. The system consists
of the surgical device which is driven by the USM stage with an integrated linear
101
CHAPTER 4. STABILIZATION FOR AN EAR SURGICAL DEVICE BY FORCE
FEEDBACK WITH VISION-BASED MOTION COMPENSATION
Figure 4.12: Experimental system setup
encoder, a camera for motion measurement as well as a sensor amplifier, a motor
drive, a fiberscope-camera system, power supplies and a computer with dSPACE
1104 control card (which are not shown in the figure). The motion controller and
the force controller are implemented in the dSPACE control card which sampling
time is 0.001 second. The vision-based motion compensator is implemented by
MATLAB via the computer which frame rate is 30Hz.
Furthermore, a specially customized mock-up system (see Fig. 4.12), con-
sisting of another USM stage and an ear model with mock membrane, is used
in the experiments. The ear model with a marker on its top is attached to the
USM stage. The USM stage is used to provide the motion for the ear model so
as to simulate the head motion, which is also controlled by the same dSPACE
control card.
4.4.2 Experiments and Results
4.4.2.1 Force Tracking Control
First of all, the tracking performance of the force feedback control is required
to be examined. A sine wave with an amplitude of ±0.02N , a frequency of
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0.1Hz and an offset of 0.04N is applied as the force reference signal to the force
controller. On the other hand, the ear model is kept still (i.e., not moving) by the
USM stage. The contact force output f and the error ef of the force controller
are shown in Fig. 4.13 and Fig. 4.14, respectively.
It can be observed that the force output is able to follow the force reference
quite well. The maximum absolute value and the root-mean-square (RMS) of
ef are 0.0049N and 0.0014N, respectively. The RMS error is less than 10% of

















Figure 4.13: Force output of the force control system























Figure 4.14: Force error of the force control system
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the RMS amplitude of 0.0141N (0.00141N) and thus it can be concluded the
force controller provide a relatively good force tracking performance for this
application.
4.4.2.2 Vision-based Motion Measurement
An experiment is conducted to verify the effectiveness of the vision-based
motion measurement system. In this experiment, a sine wave with an amplitude
of ±1.0mm and a frequency of 0.1Hz is applied to the USM stage with the ear
model. The outputs from the linear encoder and the image processing are shown
in Fig. 4.15. As can be seen, the output of the motion measurement system
hm matches well with the linear encoder output h. The only problem of the
measurement system is the time delay due to the image processing time.
Define The output error eh of the motion measurement system as
eh = h− hm (4.7)
Hence, we have the error eh is shown in Fig. 4.16. The maximum absolute























Figure 4.15: Position outputs from the linear encoder and the image processing
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Figure 4.16: Error of the vision-based motion measurement
value of eh is 0.0291mm (2.91% of the peak amplitude) while the RMS of eh
is 0.0135mm (1.91% of the RMS amplitude). Thus, the errors are within an
acceptable range, i.e., the system works effectively and its performance verify
that the motion measurement is feasible.
4.4.2.3 Contact Force Control
After validating the performance of the force controller and the motion mea-
surement system, the experiments on contact force control are carried out on
the regular motion signal and the simulated head motion signal, respectively. In
the following experiments, the desired force is set to be a constant of 0.04N.
(i) Regular motion signal
For the regular motion signal, the sine wave signal is used. First, a sine wave
motion with an amplitude of ±1.0mm and a frequency of 0.1Hz is applied to the
ear model. The force reference and the contact force outputs while the system
is subjected to different control methods are shown in Fig. 4.17. The control
methods include (a) without force feedback control and motion compensation
(open-loop control), (b) only under force feedback control (force controller) (c)
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(a) without force feedback control and motion compensation

















(b) only under force feedback control

















(c) only under motion compensation

















(d) under force-vision control
Figure 4.17: Force outputs of different control methods
only under vision-based motion compensation (motion compensator), (d) under
force feedback with motion compensation (force-vision control). The maximum
absolute value and the RMS of ef for different methods are shown in Fig. 4.18.
As observed, the force error is extreme high while the control system is
not activated. Then, either the force controller or the motion compensator can
help to maintain the force around a certain value. However, it should be noted
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Figure 4.18: Errors of different control methods
that the motion compensator is not able to guarantee the force output to be the
desired level since there is no force information inputted to the compensator. The
motion compensator is only capable of maintaining the force around a certain
value (which may not be the desired one) without the force controller. The
relatively high error while only the motion compensator is used is because the
time delay always exists in the motion measurement. Moreover, it can be also
found that the force tracking performance of the force controller is decreased
once the ear motion is introduced, which is due to its poor anti-disturbance
capacity.
Furthermore, by combining the force control with the motion compensation,
the error is much reduced and the force tracking performance is improved a lot,
where the maximum absolute error and the RMS error are reduced respectively
by 37.37% and 76.64% compared to the pure force controller. Actually, the ear
motion acts like a disturbance to the control system. And the motion compen-
sator is able to roughly compensate the motion of the ear model and thus reduce
this disturbance. Therefore, the required control effort for the force controller
is lowered which helps the controller to track the desired contact force easily. A
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comparison view of the open-loop control, force feedback control and force-vision
control is provided in Fig. 4.19.
After that, a series of sine wave motions with different amplitudes and fre-
quencies are applied to the ear model. The maximum absolute errors and the
RMS errors of the pure force controller and the force-vision controller are shown
in Table 4.1. It can be clearly found that the force-vision controller provides
much better force tracking performances than the pure force controller in all
the motions. As the amplitude reduces, the improvement by the force-vision
controller is decreased because the disturbance motion is weaken, which is rea-
sonable. As the frequency increases, the performances by using both control
methods are worse, but the force-vision controller still shows much better per-
formances than the pure force controller. As a result, the positive effect of the
motion compensation to the force tracking becomes more significant with the
increasing amplitude of the motion of the ear model (disturbance), but the force
tracking performance while adding the motion compensator is always better than
without it.

















pure force controlwithout control force−vision control
Reference
Force output
Figure 4.19: Comparison among different control methods
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Table 4.1: Errors by using different controllers for sine wave motion
Sine
Wave
Frequency (Hz) 0.1 0.1 0.2 0.3
Amplitude (mm) 0.25 0.5 0.5 0.5
Max.
|ef |
Force control 0.01248 0.01328 0.03396 0.04178
Force-vision control 0.01096 0.01133 0.02810 0.03830
Improvement 12.21% 14.71% 17.25% 8.32%
RMS
error
Force control 0.003557 0.006554 0.01342 0.01962
Force-vision control 0.002465 0.002443 0.007244 0.01052
Improvement 30.70% 62.73% 46.04% 46.40%
In sum, it can be concluded that the force controller helps to maintain the
force and the vision-based motion compensator greatly improves the system
performance. The contact force is able to be kept at a desired value even there
is a movement on the membrane, which means the tool set with grommet can
follow the motion of the ear model so that both the contact force and the relative
motion stabilization can be achieved.
(ii) Simulated head motion signal
For the simulated head motion signal, a segment of the head motion data
from Fig.4.5 sample 1 is selected and applied as the motion reference to the
ear model, so that the real head motion can be simulated. The force outputs
without any control, under pure force controller and with force-vision controller
are shown in Fig. 4.20.
As can be seen, without the control system, the contact force is still fail to be
maintained to the desired force of 0.04N. In contrast, both the force controller
and the force-vision controller can stabilize the force output to the desired value.
The maximum absolute errors and the RMS errors by using these two controller
are listed in Table 4.2.
It is obvious that the force-vision controller provides a better performance
than the pure force controller, which is the same as the previous experiments.
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(a) without force feedback control and motion compensation

















(b) only under force feedback control

















(c) under force-vision control
Figure 4.20: Force outputs of different control methods for head motion
The improvement by adding the motion compensation is around 20% according
to both types of errors. Thus, the motion compensation is still effective for
the “real” head motion. Additionally, the RMS error of the force-vision control
is 9.69% of the desired force. It is less than 10% which is acceptable for the
application in this paper.
Table 4.2: Errors by using different controllers for sine wave motion
Force control Force-vision control Improvement
Max. |ef | 0.01885 0.01571 16.66%
RMS error 0.004876 0.003875 20.53%
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4.4.2.4 Discussion
From the above experimental results, it can be concluded that the force (feed-
back) controller can help the system to track the desired force but its performance
becomes worse once a disturbance (head/ear motion) is introduced. In addition,
the vision-based motion compensator is able to measure and roughly reject this
disturbance so that it helps to greatly improve the system performance. The
force feedback with vision-based motion compensation control scheme is effec-
tive for maintaining the contact force between the grommet and the membrane
and thus helps to indirectly stabilize the relative motion between the device and
the membrane.
4.5 Conclusions
In this chapter, the mechanical stabilization subsystem as an accessory to
the surgical device is introduced and the new working process of the surgical
device is proposed to improve the system safety and efficiency.
Furthermore, the stabilization for the patient’s head/ear (or tympanic mem-
brane) is important since its motion may affect the success rate of the device.
In order to stabilize the motion between the patient’s TM and the device, an
approach by maintaining the contact force between the tool set (with grommet)
and the membrane is proposed. A cascade control with compensation mech-
anism is chosen and designed to meet the requirements, which comprises of a
motion controller for the USM stage, a PID-based force feedback controller and
a vision-based motion compensator.
The force controller helps to maintain the contact force to a desired value
while the motion compensator helps to reject the disturbance motion due to the
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membrane’s movements. The experimental results indicate that the force-vision
controller achieves a high level of force tracking performance. Hence, the tool set
can always follow the membrane with a certain contact force, which indirectly
achieve the stabilization to the motion between the device and the membrane.
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Development of a Spherical Air Bear-
ing Positioning System
In last chapter, the stabilization for the proposed surgical device in Z-axis
was addressed. However, other types of movements such as the turning and
pitching of the head should be also taken into account. Although these minor
movements are small and some of them can be also compensated by the force
feedback and motion compensation in Z-axis, the success rate can be further
improved if they can be addressed appropriately. Thus, to further enhance the
robustness and the reliability of the surgical device as well as guarantee the high
success rate, it is useful to compensate or stabilize the head rotations. To this
end, a multi-degree-of-freedom (multi-DOF) angular positioning system which
can offer the advantages of high precision, high repeatability and fast response
would be a desirable solution. Thus, in this chapter, a novel multi-DOF angular
positioning system which is capable of providing precise rotational motions is
developed.
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5.1 Background
As the level of automation rises in the modern world, more and more equip-
ments (especially in robotic applications) are required to achieve multi-DOF
motions. Moreover, those motions are also required to be ever smoother, more
accurate and flexible. One example of a multi-DOF system is the spherical
motor which offers two or three DOF motion (roll, yaw and pitch). These spher-
ical motion systems can be applied to various applications, such as robot joints
(include wrist, elbow, etc.), manipulators, steering systems, vehicle wheels, ma-
chines which require orientation control, medical applications (where there is a
need to adjust angular or swing movements), angular alignment or positioning
systems and so on. For instance, in [67], in order to resolve the alignment chal-
lenges for double sided Nano-Imprint-Lithography (NIL), a three-DOF spherical
motion system was designed. The relative orientation to the disk and imprinter
head can be efficiently manipulated with the spherical motion system. Moreover,
some surgical robots are driven by the spherical motors. In [68], a single unit of
multi-DOF ultrasonic actuator used in the medical application is developed. The
actuator is capable of generating three-DOF rotations for the Minimally Invasive
Surgery (MIS). MIS is a kind of surgery performed through small incisions by
using long tools inserted into the patient’s body, which are manipulated by the
surgeon outside the patient’s body. The compact spherical motion actuator is
used to generate motions of the surgical instrument for MIS procedures. It has
significant advantages of dexterity and saving space which is fit for MIS since
the dexterous manipulations are required and the work space is quite small.
For the application presented in this thesis, the relative motion between the
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human head or tympanic membrane (TM) and the surgical device is required
to be as small as possible. Generally, the orientation of the human head is
shown in Fig. 5.1, where the roll motion represents the head tilting, the pitch
motion represents the head moving upward and downward, and the yaw motion
represents the head turning movements towards left and right. Since the surgery
is proposed to be carried out while the patient is in the lying position with
a proper head support (see Fig. 4.10) in this application, the roll motion is
extremely small so that it can be ignored. Thus, only the other two motions are
required to be stabilized or compensated. For this purpose, a head stabilization
approach, leveraging on a 2-DOF spherical motion system, is proposed as shown
in Fig. 5.2. As can be seen, an IMU (Inertial Measurement Unit) sensor is
mounted on a head gear on the patient’s forehead and a 2-DOF spherical motor
is placed under the head support. The IMU sensor is used to measure the head
orientation while the spherical motor is used to change the head orientation
including the yaw and the pitch motions. Significantly, the 2-DOF spherical
motor provides the motions according to the measurement from the IMU sensor,
and the system is to make sure that the head orientation can be kept still.
Figure 5.1: Rotations of human head
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Figure 5.2: Proposed head stabilization approach
In other words, the head motions are compensated by the motor in real time
so that the relative motion between the head and the surgical device can be
stabilized. The 2-DOF spherical motor is the key component to the proposed
head stabilization approach.
In this chapter, the focus is to design and develop a 2-DOF spherical motor
for the head stabilization approach. For the multi-DOF motion system in the
conventional design, there are at least two single-DOF motors and mechanisms
(like gears and link mechanisms) that are used to implement multi-DOF move-
ments. Such a method is generally simple to design and control, but achieving
a spherical configuration with it has several drawbacks as follows: (i) difficult to
achieve high precision due to low stiffness, mechanism backlash and elasticity;
(ii) because of non-linear friction and thermal effects, the velocity is limited so
that the dynamic response is slow; (iii) the output torque and efficiency are also
limited; (iv) most of them are usually complicated in mechanical structure, bulky
in size, and heavy in weight; and (v) lack of flexibility. Thus, exploring new and
better methods for spherical motion system is necessary. Direct-drive configura-
tion is one of the important approaches to improve the conventional multi-DOF
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spherical motion system. In the past two decades, various direct-driven spherical
motion systems have been developed, which can be found in [67]-[75]. Different
from the conventional configuration, a direct-drive system does not need any
mechanism (e.g., gearbox, lead screw, etc.) to convert movements, therefore
it offers plenty of advantages. Precision and stiffness can be increased, while
friction is decreased leading to a more efficient motion. Furthermore, the direct-
drive system allows a faster positioning time due to its high torque output and
low moment of inertia. The device noise due to coupling effect is reduced and
the working life is extended.
In fact, because of the installation of rolling element bearings, direct-drive
systems will incur friction, which degrades the control precision. In order to
reduce friction, an air bearing can be considered. Air bearing uses pressurized
air to provide an air film between two objects so as to support the payloads.
Comparing air bearing with other types of bearings (include rolling bearings
and fluid bearing), air bearing has low viscosity, offers lower friction and smaller
sensitivity to temperature variation [76]. Meanwhile, it offers a number of ad-
vantages to conventional precision positioning systems, such as non-contact, lack
of stiction and a clean operation. Hence, adopting air bearing can greatly help
a multi-DOF system to improve its performance. Two multi-DOF spherical air
bearing systems are presented in [67] and [71], and another two different three-
DOF precision positioning systems using direct-drive motors/actuators and air
bearing are illustrated in [77] and [78]. Moreover, there are numbers of researches
on modeling and control of the spherical actuator or spherical air bearing system
have been reported in [79]-[89], which also shows that the spherical actuator is
better than the conventional one.
117
CHAPTER 5. DEVELOPMENT OF A SPHERICAL AIR BEARING
POSITIONING SYSTEM
Thus, to achieve a high performance 2-DOF system for angular positioning in
the medical application, the design, the implementation and the control of a novel
Spherical Air Bearing Positioning System (SABS), which combines a direct-drive
electromagnetic motor with pneumatic bearing is developed to provide precise
2-DOF rotational motions for the head stabilization.
In this chapter, to meet the requirements of the angular positioning for the
proposed surgical device, a novel Spherical Air Bearing Positioning System (S-
ABS) is developed and tested. This chapter is organized into two main parts on
the development of SABS: in the first part, the hardware components of SABS
including the mechanical structure and the electrical system which are intro-
duced in detail in Section 5.2; in the other part, the mathematic model of SABS
is derived, a noise filter and a controller for angular positioning are developed in
Section 5.3. Following that, the performance of SABS is examined and analyzed
in Section 5.4 and the conclusions of this chapter are drawn in Section 5.5.
5.2 Design of Spherical Air Bearing System
In this section, the design of SABS is provided in detail. The mechanical
components are elaborated alongside the working principle of SABS at first,
followed by a presentation of the electrical system of SABS.
5.2.1 Mechanical Components
The mechanical structure of SABS is shown in Fig. 5.3. It is cylindrical
with an outer diameter of 182mm, and mainly consists of two components: a
hemispherical solid rotor with a radius of 112mm and a bowl-shaped stator for
holding the rotor with three adjustable legs. The material of the stator and the
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Figure 5.3: Mechanical structure of SABS
rotor is aluminum alloy which is not ferromagnetic. Fig. 5.4 shows the cross-
sectional view of SABS. When a thin air film is introduced between the two
components with a pneumatic system, the rotor floats on the air film so that the
friction between the two surfaces is extremely low, due to the low viscosity of
air. Thus, the rotor can rotate in all directions freely without any resistance.
However, achieving the angular position control by only using air bearings is
not possible. Therefore, a spherical motor, which is made up of four Voice Coil
Actuators, is designed. The spherical motor is shown in Fig. 5.4. In particular,
the motor is used to enable positioning in two directions. In what follows, the
two key components include voice coil actuators and pneumatic system will be
elaborated.
Figure 5.4: Cross-sectional view of SABS
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5.2.1.1 Voice Coil Actuators
A Voice Coil Actuator (VCA) is usually classified as a brushless DC actuator
which provides linear force and motion. One of the common applications of VCA
is in the positioning actuator of the read-and-write head in a hard disk drive. Due
to its simple structure, it has many advantages such as miniaturization, rapid
response, high accuracy, high stiffness (i.e. high resistance to deformation) and
easy to operate. Therefore, VCA is a popular choice for mechatronic equipments,
especially precision positioning systems.
In the SABS, four VCAs are uniformly and symmetrically distributed inside
the stator and the rotor, as shown in Fig. 5.5. Each VCA has the same structure
and specification, and it is composed of two parts: the coils mounted in the stator
and the permanent magnets (with magnetic yokes) in the rotor. In addition, an
X-Y coordinate system is built for the SABS which has two axes. Every two
motors on the same axis are set as a pair. Each pair is used for one-DOF angular
positioning around its corresponding axis (X-axis and Y-axis) respectively. In
this chapter, the pair of VCAs placed on the X-axis is named “X-axis VCA”
while the other one is named “Y-axis VCA”.
The working principle of each VCA is shown in Fig. 5.6. More specifically,
Fig. 5.6(a) displays the magnetic flux path of the VCA, and Fig. 5.6(b) shows
the distribution of VCA. As can be seen in Fig. 5.6(a), two permanent magnets
made of NdFeB (Neodymium Iron Boron) are placed side by side on one soft
iron yoke while the coils are immovable due to the fixed stator.
The permanent magnets generate a stable magnetic field. Its magnetic flux
density B is a vector, which, in the Cartesian coordinate system, can be resolved
into three orthogonal components: Bx, By and Bz. In particular, the displace-
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Figure 5.5: Stator and rotor of SABS
(a) magnetic flux path (b) force analysis
Figure 5.6: Working principle of VCA
ment of this VCA is quite small and the coils rarely reach the end of the magnets.
Moreover, the value of Bz is minuscule which is neglected in this case.
When the current is applied through the coils, several forces are exerted on
the coils as a result of the interaction between magnetic field and electric current,
as shown in Fig. 5.6(b). As can be seen, the forces Fa, Fb, F
′
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generated in the effect By, where, due to the symmetrical structure, Fb = −Fc,
−F ′b = F
′
c, i.e. Fb + F
′
b + Fc + F
′
c = 0. Therefore, all forces along the Y-axis
direction are canceled, so that the equivalent force in this direction equals zero.
In other words, there is no motion generated in the Y-axis direction when the
current is applied. In the X-axis direction, according to the Lorentz force law,






where k is a constant relating to the structure of magnetic flux path,
−→
By is the
effective flux density, × denotes vector cross product,
−→
l is the effective length of
each turn of the coils, N is the number of turns of the coils and i is the applied
current.
And then, Eq. (5.1) can be rewritten as below:
Fa = kBylNi (5.2)
where By and l are scalars.
Meanwhile, arising from the force Fa, an equal but opposite force F
′′
a is
produced on the magnets. Because the coils are fixed as above mentioned, the
magnet part will be driven under the action of the force F ′′a in the X-axis direction
when the coils are subjected to current.
Besides, the effect of Bx, a couple of forces Fd and F
′
d in the Z-axis direction
are generated, which are approximately equal in magnitude and opposite in
direction but not collinear. Thus, the equivalent force along the z-axis also
equals zero (because Fd = −F
′
d ), but a turning torque Md around the Y-axis is
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inevitably generated:
Md ≈ Fdd (5.3)
where d is the distance between Fd and F
′
d.
Actually, the torque Md is too small to affect the performance and stability
of SABS since the value of d is relatively small. Therefore, this torque is ignored
in this system.
In conclusion, the VCA mainly generates a force in the tangential direction of
rotor when the coils are energized. Thus, by controlling the current of different
pair of VCAs, the spherical motor is able to implement angular positioning in
two-DOF, where, the X-axis VCA is used for adjusting the angle around Y-axis
while the Y-axis VCA is for the angle around X-axis.
5.2.1.2 Pneumatic system
The pneumatic system of SABS includes the spherical air bearing and other
components which are used to provide pressurized air. For air bearing, in terms
of the pressure generation principles, it can be categorized as: (i) Hydrodynamic
(or self-acting) type: air film is generated internally by relative motion at high
speeds; (ii) Hydrostatic type: air film is provided from external pressure supply;
and (iii) Squeeze-film type: air film is created by imposing oscillations on the
non-moving part of bearings. Generally, the hydrodynamic type is common for
fluid bearings in which viscosity of fluid (such as oil) is relatively high, so it is
hard for air bearings to utilize this type due to the low viscosity of air. The
squeeze-film type is frequently used for damping applications. Besides, it is easy
to obtain and control a designated air pressure by an external air compressor.
As a result, the hydrostatic type is applied in the SABS.
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In order to maximize the stiffness of the air bearing and help it maintain
a constant air gap, it is better to preload the air bearing although air bearing
can work without any preload. In the SABS, a vacuum preload is mainly used,
which avoids unnecessary moving mass for preloading in the system.
The structure and the working principle schematic diagram of hydrostatic air
bearing in the SABS are shown in Fig. 5.7. As can be seen, eight micro-holes (not
all shown in the figure) distributed in two circles uniformly and symmetrically
are used to transmit compressed air into the floating area, and in turn generating
forces for sustaining the rotor. One intake is used to evacuate gas so as to form
the vacuum room, where provides vacuum preloading. The forces generated by
(a) the arrangement of air
vents
(b) the design scheme and working principle
Figure 5.7: Structure and working principle of air bearing in the SABS
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the air pressure can be calculated by the Eq. (5.4) shown below:
FP = PA (5.4)
where P is the average pressure in the floating area or vacuum room, and A is
the equivalent area of those areas.
Since SABS is a hydrostatic type, external clean pressurized air is required
for the bearing (i.e. air compressor and filters are required). Additionally, due to
the vacuum preload method, the air bearing needs a vacuum generator. Those
components and the air bearing compose the whole pneumatic system, as shown
in Fig. 5.8.
Figure 5.8: Pneumatic system of SABS
5.2.2 Electrical System
A control system is needed for the SABS to control each VCA in order to
implement angular positioning control. The control system and mechanical com-
ponents together compose the SABS. The system diagram is shown in Fig. 5.9.
The control system includes a sensor, motor drives and a controller. Signifi-
cantly, the sensor and the drives construct the electrical system for the control
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Figure 5.9: System diagram of SABS
system.
5.2.2.1 Position Sensing Diode
The sensor used for the measurement of position is a dual axis position
sensing diode (PSD), which outputs are bipolar voltage analogs of the X and
Y position of the light spot centroid. The light spot is provided by a compact
laser generator which is mounted on the rotor. Moreover, the PSD exports the
measured values of the X and Y position separately. Therefore, the angles can
be calculated by the sensor outputs respectively. The measurement principle for
angles is shown in Fig. 5.10.
Figure 5.10: Angles measurement principle
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As can be seen, when the rotor is stationary, the light spot and the center
of PSD are coincident, therefore the outputs are zero. When the rotor rotates
around its pivot, an angle between the axis of rotor (which can be represented by
the laser beam) and the direction of gravity is formed. Meanwhile, the distances
between the light spot and the PSD central point are measured by the PSD.
Thus, according to the trigonometric function, the angles can be calculated by












where θ and ϕ are the angles, xs and ys are the outputs of the PSD, and h is
the height between the PSD and the rotor’s pivot.
Since the angle outputs of the SABS are designed to be less than ±5◦, Eq.











Two motor drives are required to drive two pairs of VCAs respectively. Each
drive consists of one high-voltage, high-current operational amplifier (OPA 548),
which control the current output in terms of the analog voltage control signal.
The continuous output current of OPA 548 is 3A while the peak output current
is 5A which meets the requirements of the VCAs.
The drive circuit constructed by OPA 548 is shown in Fig. 5.11.
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Figure 5.11: Drive circuit of SABS
5.3 Control of Spherical Air Bearing System
Controlling an air bearing stage can be defined as influencing it in such a way
as to force it to operate according to certain requirements. Moreover, the control
objective of the SABS is to find a control mechanism for every bounded smooth
desired output so that the controlled output converges to the desired output
as closely as possible. This involves system modeling, parameter identification,
eliminating noise and controller design.
5.3.1 Modeling of Air Bearing Stage
The use of the air bearing stage for an accurate control depends greatly on
the model obtained for the controller. The purpose of the model presented in this
subsection is to map the relationship between input and output at the electrical
port of the air bearing system in a special form that can be represented by a set
of equations.
In the spherical system, there are two pairs of voice-coil actuators which can
control X-Y directions. These actuators are placed inside the stator and rotor
as mentioned before (see Fig. 5.5). According to the theory of VCA, the force
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generated by the actuator is given by
F = kBylNi (5.7)
Applying the physical law, the SABS can be described by the following math-
ematical equations
m1x¨1 = F1 − P1
m2x¨2 = F2 − P2

 (5.8)
where Pr, r = 1, 2 is a force caused by the weight of the air bearing stage (see
Fig. 5.12 ), x1 = θR and x2 = ϕR, R is the rotor’s radius of sphere. The
actuators on X-Y are assumed to be decoupled. Moreover, the SABS in both
orientations are with the same structure and the same voice coil actuator as well
as controlled by the same control strategies, the modelling and control design
for one single-axis of the system (i.e. the axis of θ) is focused on in the following
subsections.
Figure 5.12: Force caused by actuator
5.3.2 Parameter Identification
Though the model structure is built in the above subsection, the model pa-
rameters Pr and mr, r = 1, 2 are difficult to obtain. In this subsection, an
estimator is designed to obtain the parameters of the system. The idea of the
algorithm is based on the adaptive control concepts.
Consider the control problem of the system in Eq. (5.8). The definition of
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the filtered error S is given by
S = λe+ e˙ (5.9)
where λ is a constant and the error e = xd−x, xd represents the desired perfor-
mance and x = [x1 x2]
T represents the state variables of the system. Thus, the
system can be re-written as
















Since the parameters a and b are not known exactly, the following adaptive
control law is used
i =




˙ˆa = γ1S (5.14)
˙ˆ
b = −γ2iS (5.15)
where aˆ and bˆ are estimated values of a and b, respectively.
Define a˜ = a− aˆ and b˜ = b − bˆ, which are the errors between the estimated
and actual values of a and b, respectively.
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Substituting the control law into the system yields
S˙ =λe˙+ x¨d + a− bi+ bˆi− bˆi
=λe˙+ x¨d + a− b˜i− bˆi
=λe˙+ x¨d + a− b˜i− bˆ
KvS + λe˙+ x¨d + aˆ
bˆ
=a˜− b˜i−KvS (5.16)




b˜2. The time derivative of V is given by
V˙ = −2KvS









Substituting the adaptive learning laws produces
V˙ = −2KvS
2 (5.18)
This shows S and bˆ, aˆ are bounded. This also implies that S˙ is bounded.




2dτ = V (0)− V (t) ≤ V (0) (5.19)
Applying Barbalat’s lemma, the following equation can be obtained
lim
t→∞
||S||2 = 0 (5.20)
Although the on-line parameter estimation scheme that guarantees the track-
ing error S converges to zero as t→∞. This result, however, is not sufficient to
establish parameter convergence to the true parameter values unless the input
signal i is sufficiently rich. The system noise (white noise) contributes towards
the cause.
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5.3.3 Noise Filter Design
In the SABS, noise is introduced due to the sensor, the circuit and the am-
plifier. To analyze the signal noise, a fast Fourier transform (FFT) algorithm
is adopted. It is a popular off-line approach widely used to obtain information
of the frequency distribution required for the filter design. Fig. 5.13 shows the
spectrum of the air bearing stage, where the frequency of 10 Hz is a working sig-
nal. It is observed that the noise exists over a wide range with small amplitude.
Moreover, the expected value of the noise approaches to zero. Since it exhibits
the characteristics of white noise, an observer-type filter is used for handling
such noise.
In the presented state space model, the position of the air bearing stage is


























(b) FFT in logarithmic scale
Figure 5.13: Spectrum of the SABS
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available. Rewriting (5.8) into a compact form yields
X˙ = AX +B(bi− a) + w
y = CX + v

 (5.21)
where X = [x x˙]T , y relates to the angular position output θ and θ = y/R, w




















(i) E(w) = 0, E(wwT ) = Qcδ, ; (5.24)
(ii) E(v) = 0, E(vvT ) = Rcδ; (5.25)
(iii) E(wvT ) = 0. (5.26)
where E(.) denotes the expectation and δ is the Dirac delta function.
Because both output and state have noise contents, the observed outputs is
used to replace the actual outputs. The following observer-type filter is designed
˙ˆ




In (5.27), L is the steady-state gain of the filter. The estimated error is given by
˙˜X = A¯X˜ + w − Lv (5.28)
where X˜ = X − Xˆ, A¯ = A − LC. Basically, the gain vector K is required to
be designed to satisfy the condition: all the eigenvalues of A¯ have negative real
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parts, i.e. Re{λ(A¯)} < 0. Moreover, the criterion for determining K is the error
between the observer and actual outputs as small as possible.
5.3.4 Observer-based Controller Design
In this subsection, a PID controller is designed. The main reason of using a
PID controller is because it has a simple structure, which is easily understood
by engineers, and works well under practical conditions.
The PID controller uses the following law:
i = Kp(yd − yˆ) +KI
∫ t
0




It should be noted that yˆ is the observed output.
Fig. 5.14 shows the schematic diagram of the overall model of a PID con-
troller. Unlike traditional PID controller, this observer-based PID controller is
based on the observer output which is designed based on the system model. The
PID parameters are tuned according to the general tuning heuristics. From the
experimental results during the tuning process, the parameter obtained can en-
able the closed-loop system to achieve an acceptable track performance. Thus,








Figure 5.14: Overall structure of PID controller
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5.4 Performance Analysis of Spherical Air Bearing
System
Evaluation of the state of the SABS, in terms of whether or not it fulfills the
assumed requirements, is done on the basis of the system control performance.
Moreover, it is done on the basis of observations of the position variable and
characterizing the process behavior. This is a real-time experimental study. The
block diagram of the whole closed-loop control system is shown in Fig. 5.15. The
setup of SABS is shown in Fig. 5.16. This involves air bearing, sensor, drives













Figure 5.15: Block diagram of control system
Figure 5.16: Setup of SABS
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5.4.1 Model Identification
First of all, the model parameters of the air bearing motor from the entire
system are identified. The range of the desired signal used is chosen as 1Hz.
The PD control gain is chosen as KP = 0.1,KD = 0.001. In this experiment,
the initial values of the parameters in the adaptive laws (Eq. (5.14)-(5.15)) are
chosen as [bˆ(0), aˆ(0)] = [0.08, 0.0001].
The adaptation rates in the laws are selected as γ1 = 0.1, γ2 = 0.1. The
time evolution of the parameter estimates using the proposed adaptive algorith-
m is shown in Fig. 5.17. The parameters bˆ, aˆ converge to 0.0755 and 0.0001
respectively. It is observed that during the initial learning phase, the estimated
parameter bˆ converges the fastest. This is due to the lack of knowledge about the
plant. Through adaptive learning, the parameters converge to their true values
















































Figure 5.17: Model identification
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after 230s. Finally in this experiment, the values of a and b are identified ap-
proximately, but they are approaching the actual values, since the system noise
is almost white noise which add to the excitation of signal partially.
5.4.2 Noise Filter












 (0.0755i − 0.0001) + L(y − yˆ)
yˆ = [1 0]Xˆ
(5.30)
The choice of the gain L depends on the condition. Initially, this gain is










 to compare the
filter performance. Fig. 5.18 shows the filter performance compared with the












22s) the estimated value converges to the actual sine wave signal. To show the
convergence clearly, a figure under a small time window (30∼40s) is plotted and


























Figure 5.18: Filter performance analysis (I)
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the result is shown in Fig. 5.19.

























Figure 5.19: Filter performance analysis (II)
It is seen from the figure that the noise is removed by the designed filter
and the estimated output approaches the actual one closely. Now, this filter can










 can be obtained and its eigenvalues are −2.5±4.33i. The real parts
of all the eigenvalues of A¯ are negative, which satisfies the stability condition:
Re{λ(A¯)} < 0.
5.4.3 Control Results
The observer-based PID controller in Eq. (4.1) is applied to the SABS.
The parameters of the PID controller are adjusted according to the general
tuning rules for PID parameters. It is obtained that Kp = 0.01,KI = 0.12, and
KD = 0.008.
Fig. 5.20 shows the control result, the maximum position error is about
0.0125 degree. If using traditional PID controller without observer, the maxi-
mum error is about 0.25 degree and the result is shown in Fig. 5.21. It is clearly
138
CHAPTER 5. DEVELOPMENT OF A SPHERICAL AIR BEARING
POSITIONING SYSTEM





































































Figure 5.20: Observer-based PID controller





































































Figure 5.21: Traditional PID controller
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observed from the figures that the tracking error is significantly improved by the
proposed control.
5.5 Conclusions
In this chapter, a Spherical Air Bearing Positioning System (SABS) is de-
veloped. This system combines voice coil actuators with pneumatic bearing in
order to achieve higher accuracy and better performance than the traditional
multi-DOF system. The mechanical structure is carefully designed. The design
and the construction of the control system for the SABS is presented, which
involves system modeling, parameter identification, eliminating noise and con-
troller design. The model of the SABS is identified based on the adaptive control
concepts first. Then a noise filter is designed to remove the measurement white
noise on the basis of the model. Finally, an observer-based PID controller is
applied to the SABS and implemented on a dSPACE 1104 control card.
The experimental results indicate that the observer-based PID controller is
effective in controlling the SABS. Comparing it with the traditional PID con-
troller, it is clear that the observer-based PID controller achieves higher precision




In this chapter, the summary of contributions for this thesis is drawn at first,
followed by the suggestions for future work.
6.1 Summary of Contributions
The primary objective of this study was to develop an all-in-one office-based
precision surgical device for the treatment of a common ear disease: Otitis Media
with Effusion (OME).
The mechatronic system of the device, including mechanical system, sensing
system and control system, has been developed to address the problems associ-
ated with conventional surgery and reported devices for similar purposes. Based
on the experimental results, it was found that the prototype was able to carry
out the myringotomy with grommet insertion in a single procedure automatical-
ly with a high success rate over 90% as well as a short surgical time less than
3s initially and then being reduced to less than 1s after program optimization.
Significantly, the surgical time is much shorter than the conventional surgery
which normally takes about 15 minutes. This is attributed to the sensing and
motion systems which provide precise actions for each procedure. Moreover,
this surgical device was operated without the need of surgeon during the exper-
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iments. This implies that the surgery is much simplified and the workload is
reduced by using this surgical device. An important contribution of this study
is that it may provide a better solution to carry out the surgical treatment for
the patients with OME automatically in very short time, avoiding the need of
the costly expertise and equipment.
In order to achieve high precision and fast response motions for the surgical
procedures, the model of the ultrasonic piezomotor (USM) stage has been inves-
tigated and built, and then a composite precision motion controller based on the
model has been designed and implemented in this study. The experimental re-
sults showed that the LQR-assisted PID tuning method achieved a high level of
performance. Comparing with the conventional relay-tuned PID controller [56],
the LQR-assisted PID controller achieves significantly smaller overshoot, faster
response, higher precision, better tracking performance, lower energy consump-
tion and smaller control input. One possible explanation is that the selection
of the weighting matrix in LQR-assisted PID tuning method relates to the per-
formance requirements. Different performance requirements can be achieved by
changing the weighting matrix. According to the weighting matrix, the optimal
controller gains can be obtained. Furthermore, it was also found that the errors
were much reduced by applying the friction compensation and adaptive control
law with the proposed PID controller. These results suggest that the nonlinear
compensation is effective in enhancing the performance significantly. The signif-
icance of the proposed composite controller is that it may provide a new control
scheme to achieve high performance and precise motions by the USM stage which
induces nonlinear dynamics mainly caused by the friction. These precise motions
are important and helpful in improving the success rate for grommet insertion.
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In order to enhance the repeatability and the success rate of the surgical
device, a stabilization system for the surgical device based on force feedback
with vision-based motion compensation has been developed in this study. It was
found from the results that the relative motion and the contact force between
the grommet and the membrane can be maintained precisely at a desired level
after touching. Thus, the grommet insertion could be done more precisely while
the proposed controller was applied after the grommet on the device touched
the membrane. It was also found that the device with the proposed controller
had good ability to nullify the effects of unforeseen disturbances. This is due
to the ability of the force controller that assists the device in closely tracking
the membrane position. This study is the first to implement the stabilization
system for such kind of surgical devices (specifically for ear surgery) using force
feedback approach. The proposed approach provides a novel method to stabilize
the device as well as to enhance the anti-disturbance capacity of the device.
In order to further guarantee the stabilization between the surgical device
and the tympanic membrane, another stabilization system based on a novel 2-
DOF spherical air bearing positioning system (SABS) which combines a direct-
drive electromagnetic motor with pneumatic bearing has been developed and
proposed for stabilizing the patient’s head rotation in this study. The experiment
results showed that the SABS could provide highly precise angular motions. The
design controller could achieve much higher precision and much better tracking
performance than a traditional PID controller. Due to the advantages of high
precision, high repeatability and fast response that the SABS offers, it provides




6.2 Suggestions for Future Work
The proposed surgical device offers a good, precise and robust solution for
the surgical treatment of OME. However, there are some limitations in this study
and thus further research is required in order to overcome these limitations.
• The surgical device developed in this study may not be able to perform the
surgery on the ears with abnormal structures, i.e., tortuous or extremely
narrow ear canals. This is because the design of the tool set is rigid and
straight. To address this problem, the design of the flexible tool set which
can be bent controllably should be considered in future.
• The nonlinear term of the USM stage’s model may not be perfectly accu-
rate since the hysteretic phenomenon of the piezoelectric martial was not
considered during the system modeling. Thus, another possible avenue
of future work is to investigate the nonlinear dynamics of the USM stage
and identify the nonlinear term by combining the friction model and the
Preisach hysteresis model [35]. Following that, a better nonlinear compen-
sator or controller could be designed based on the more accurate nonlinear
model.
• The force controller for the stabilization system is not achieving the same
performance on all tympanic membranes since the controller parameters
are fixed while the characteristics of different tympanic membranes are
not exactly the same. In future, the adaptive control algorithm could be
considered since it can adjust the controller parameters by itself to achieve
the desired performance in response to the different or varying conditions.
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• The 2-DOF SABS is not yet fully integrated into the surgical device. One
future work is to complete the integration between both system. Moreover,
the current 2-DOF SABS may be limited in some other applications which
require 3-DOF angular positioning. The development of a 3-DOF angular
positioning system should be an interesting area for future research.
• In addition, this study only tested the proposed device on mock-up ear
models and pig eardrums for proof-of-concept. Current work is ongoing to
prepare and carry out the clinical trials on human.
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